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As we are currently entering into a fourth industrial revolution, an era of ubiquitous, mobile 
supercomputing, intelligent robots, self-driving cars, neuro-technological brain enhancements, 
finding reliable sources of energy are of utmost importance. The collective world generation of 
power in 2018 was calculated to be 24000 terawatt hours, and renewable energy sources have been 
on the rise, doubling in contribution to U.S. electricity generation since 2008. In order to support 
demands of entering the age of Internet of Things(IOTs), a portable, cost-effective, renewable 
source of energy is required to power different IOT sensors. Triboelectric nanogenerators 
(TENGs), which were based on the triboelectric effect, were first invented in Professor Wang’s 
group in 2012, and it could harness ambient mechanical energy, such as from wind, rain, ocean 
waves,1 and human body movements, into electricity by the coupling of contact electrification and 
electrostatic inductions. TENG has been shown to be one of the best choices in harvesting 
mechanical vibrational energy, due to triboelectrification is an ubiquitous effect with an abundant 
choice of materials. Also, not only the TENG could be used as an energy harvester, it could also 
be utilized as a self-powered active sensor, which is able to sense characteristics of different 
mechanical motions, expanding its ability to operate as a sensing network. Furthermore, TENGs 
due to their high voltage characteristics, have been utilized in various high voltage applications 
recently. In this dissertation, three main research area relating TENGs are focused. The first is to 
use TENG as a more selective and sensitive self-powered active sensor and transforming paper 
into self-powered active sensors. Furthermore, self-powered fluid sensors are also discussed, and 
these sensors could aid users in sensing environmental conditions, such as wave height and wind 




more effectively in harsh environments. This is done by investigating new theory of electrostatic 
screening effect in different harsh environment, and also investigating the electrostatic screening 
effect in different materials. Another objective is to lower the impedance of triboelectric 
nanogenerators. This was done by constructing multi-layer-based device, and its circuit model was 
used to show that multi-layer based nanogenerator device could achieve higher output power 
density at a lower impedance. Furthermore, it is necessary to store the harvested energy; thus, a 
hybrid EMG-TENG (electromagnetic generator-triboelectric nanogenerator) energy harvester was 
integrated with a microsupercapacitor. The third is to investigate triboelectric nanogenerators as a 
high voltage source on electronic components, such as capacitors and resistors, for novel 
applications, such as a high instantaneous power TENG and a fully self-powered sensing system 





CHAPTER 1. INTRODUCTION 
1.1 Mechanism of Triboelectric Nanogenerator 
 Triboelectric Nanogenerators (TENGs) are energy harvesters that could effectively 
harvest mechanical energy into electricity by the coupling of two phenomenon: contact 
electrification and electrostatic induction. Contact electrification, a phenomenon that have been 
recorded from Greek times, occurs when two different materials contact each other. After 
contact, one of the materials’ surface would become positively charged, whereas the other 
material’s surface would become negatively charged. For example, when rubbing a silk cloth 
with a glass rod, the silk cloth would become negatively charged after contact, while the glass 
rod would become positively charged. This has recently been shown to be caused by electrons 
transfer, as surface electrons would move across the material’s interface to cause one of the 
materials to be positively charged and the other material to be negatively charged.2 The other 
phenomenon, electrostatic induction, is simply a redistribution of electronic charge in an object, 
caused by the influence of nearby charges. When a conductive material is placed near a 
negatively charged object, the conductive material would develop a net positive charge on the 
end closer to the negatively charged object, as electrons would be repelled by the negative 
charges from the object. There would also be a net negatively charge on the end farther away 






Figure 1 Theoretical Model of TENG. a) Schematic illustration of the first TENG and its 
operation cycle.3 b) The displacement current model of vertical contact separation mode TENG. 
c) The equivalent circuit model of vertical contact separation mode of TENG.4  
Thus, by utilizing these two principles, the first triboelectric nanogenerator is created,3 as 
shown in Figure 1a. This triboelectric nanogenerator is made of two thin-film dielectric materials, 
Kapton film and polyethylene terephthalate (PET) film with back electrodes of gold (Au)/ platinum 
(Pt)-Au coated by sputtering on them. When the device undergoes cyclic pressing or bending, the 
contact status between the materials would change, and when the two materials are in full contact, 
the PET film would become positively charged, whereas the Kapton film would become negatively 
charged by contact electrification. Since both materials, the PET and the Kapton film, are 




the material properties of the dielectric. After the external force that pushed the materials into full 
contact is released, the opposite charges on the materials would be separated, and the back 
electrode on the PET would have a net negative charge close to the PET, and the back electrode 
on the Kapton would have a net positive charge close to the Kapton. This would cause a high 
potential difference between the two electrodes. If the electrodes are connected through an external 
load, current would be able to flow across the wire connecting the two electrodes. As the two 
dielectrics are brought towards full contact again, the current would flow in the opposite direction 
due to the change in the potential difference, as the charges on the conductive surface would be 
screened by the charges of the dielectric layer. This would result a continuous alternating current 
(AC) output by repeating the contact-separation cycle.    
1.2 Theoretical Origin of TENG 
 Even though the mechanism of the TENG has been well understood, the understanding of 
the fundamental physics model has been lacking until recently. In 2017, a study showed the physics 
behind the TENG is to be caused by Maxwell’s displacement current,5 which is defined as 
Equation (1) below, 







                                                      (1) 
where JD is the free electric current density, D is the displacement field, ε is the permittivity of the 
dielectrics, E is the electric field, and P is the polarization field. The first term, 𝜀 $'
$%
, represents 
electromagnetic induction, so that it represents the existence of electromagnetic wave and the 
theory of light. As a result, this term has been the foundation of antenna, TV, radio, and wireless 
communication technology. The last term in Equation 1, $)
$%




comes from change in polarization of individual molecules of the dielectric material, which could 
be caused by either piezoelectric or triboelectric effect.  
In piezoelectric nanogenerators (PENG), due to the structure of the piezoelectric material, 
a vertical mechanical deformation results in a generation of piezoelectric polarization charges at 
the two ends of the material, which would cause a change in the polarization, leading to a 
displacement current produced. For TENG, surface electrostatic charges on the dielectric would 
cause a time-changing electric field when the dielectric materials are separated. Figure 1b shows 
the basic model of a contact separation mode TENG. The charges on the dielectric surfaces are 
oppositely charged after contact electrification, with the charge density of ±σtribo, which would 
become saturated after multiple cycles of contact separation. When the materials are in full contact, 
the electrostatic field between the dielectric charges on the dielectrics is high, whereas once the 
materials are fully separated, the electrostatic field would become low, as the charges on the 
dielectric would be effectively shielded by the opposite charges on the conductor. Thus, during the 
process of separating, the change of the electric field would drive electrons to flow through the 
external load by a capacitive conduction current. The amount of transferred charges between the 
electrodes, σtr, is a function of vertical displacement z, and thus, the mechanical energy that 
induced the change in z is converted to electrical energy. Since JD is equivalent to the change of 
transferred charge as a function of time, the displacement current could be calculated as Equation 
2 below, and it is equivalent to the capacitive conduction current.  
                                         $"(+,%)
$%
= 𝐽"(𝑧, 𝑡) =
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 The displacement current is the only conduction mechanism for electricity transport in 
capacitive conduction and leads to the output current of TENG by electromagnetic induction, 
rather than the flow of free charge of the capacitor.  
1.3 Circuit Model of TENG 
 Not only is the fundamental physics important in understanding TENG, another important 
model to fully understand the TENG is the circuit model of the TENG. For vertical contact 
separation mode of the TENG, oppositely charged surfaces with a changing gap distance, z, could 
be regarded as a gap distance dependent capacitance, with the capacitance to be high when the 
dielectric surfaces are in full contact, and the capacitance to be low when the dielectrics are fully 
separated. Also, the TENG is also shown to be a gap distance dependent open-circuit voltage 
source, with the open-circuit of the TENG could be calculated by Equation 3 below, as the open-
circuit voltage, VOC, of the TENG is directly related to the charge density on the surface of the 
dielectric and the gap distance. 





                                                    (3) 
 Since TENG is both a gap distance dependent open-circuit voltage source and a gap-
distance capacitance, a circuit model, as shown in Figure 1c, is then created for the TENG with an 
open-circuit voltage source and a variable capacitance in series. Furthermore, when the TENG is 
connected to a load, the voltage of the load could be calculated by Kirchhoff’s circuit law by the 
Equation 4 below. 
                                                         𝑉<=>? = −
A
5(+)




 This circuit model of TENG would be the theoretical tool that enables the study, design, 
and optimization of the TENG, and would be further used in this dissertation as a tool to optimize 
performance of TENG in harsh environments, and illustrate the effect of dielectric layers on 
nanogenerator performance, as shown in Section 3.1-Section 3.2, in which electrostatic screening 
effect on TENG are discussed.6-13 
1.4 Material Choices for TENG 
For TENG, insulating materials are oppositely charged after physical contact, as the surface 
of one material will take electrons from the other material after contact. A key question to answer 
is which pair of insulating materials would produce the highest charge density, as the increase in 
charge generation have been a main strategy to improve the output power of TENG. From tests 
performed by Bill W. Lee, a triboelectric series, which stated the amount of charge transferred 
between the surface is dependent on the electron affinity of the material, was created.14 A positive 
charge affinity means that the material is more likely to lose electrons, whereas a negative charge 
affinity means that the material is more likely to gain electrons. For example, he had values of the 
electron affinity in the table of two materials (polyurethane foam, +60 nC/J and Teflon (PTFE), -
190 nC/J). Thus, when these two materials contact with each other, there would be about 250 nano 
coulombs of charge transfer per joule of frictional energy of contact. Furthermore, a new 
triboelectric series was performed recently from our group by testing solid-liquid contact, in which 
different polymers were contacted with a liquid mercury electrode, and the charge density was 
measured.15 Figure 2 shows the triboelectric series of materials and their triboelectric charge 
density. It is important to note that materials that have the highest negative charge density are 
typically materials that have group 17 elements (Cl, F) or O on the periodic table, as these materials 




materials include Polyterafluroethylene (PTFE), Fluorinated Ethylene Propylene (FEP) and 
Polyvinylidene Fluoride (PVDF).  Furthermore, materials that are more positive on the 
triboelectric series typically contains more amine group (NH3), as this group largely promote the 
charge-donating tendency.19, 20 
 There are multiple methods in improving triboelectric nanogenerators by alternating the 
state of materials. Functionalizing of the material surface is one of the key approaches in increasing 
the charge density of TENG. Surface modification could be done through methods of radical 
injection, plasma treatment, and ion injection.21-23 Yun has showed that injecting oxygen radicals 
into polydimethylsiloxane (PDMS) surface by a sodium hydroxide treatment could enhance a 15 
times increase in power when compared to the untreated PDMS.24 The reason in the large 
enhancement was due to the Si-CH3 bond was converted into a Si-O bond, which allowed for the 
treated PDMS to act more as an electron acceptor. Furthermore, fluorination by plasma treatment 
in tetrafluoromethane (CF4) has been shown to considerably improve the output power.22, 23 Also, 
another approach to change triboelectric output is by adding monolayers with electron-donating or 
electron-accepting functional end group on the surface.25, 26 These methods all could greatly 











Another method in improving TENGs performance is by increasing the contact area by 
fabricating microscale or nanoscale surface structure. By increasing the surface area of contact, 
there would be more probability for charge transfer; thus, producing a larger output voltage or 
current. It is important to note that when two surface make contact by mechanical force, the actual 
contact area is much smaller than the surface area of the two surfaces, due to the surfaces would 
have different degrees of surface roughness.27 Various methods, such as force-assembled colloidal 
arrays,28 soft lithography,29 and surface nanomaterial fabrication30 have been used to form 
nanoscale or microscale surface features, and it has been shown to cause a considerable increase 
in transferred charges. As well, for application in self-powered sensors, the added microstructure 
allows the TENG to be more sensitive to force applied, thus making the sensor more sensitive.31 
In my works, a typical surface reactive ion etching procedure was done to increase the roughness 
of PTFE by producing microstructures on the PTFE surface, causing an increase in output charge. 
By changing the surface roughness of the TENG, the performance could be great enhanced by 
increasing the contact surface area. 
  Another approach to increase TENG performance is by changing the dielectric constant 
of the material. As shown previously in Section 1.2, the output performance of the TENG is 
dependent on the change of electrical displacement field. Thus, one could alter the initial electrical 
field by adding dielectric layers, as the dielectric would be polarized in the electric field, cause a 
decrease in the electrical displacement field. This work is further shown and explained in Section 
3.1.1, in which water could cause electrostatic screening effect on the performance of 
nanogenerator, and Section 3.2, in which the substrate material could be changed to maximize the 




 In this section, material choice for TENG was discussed, and the TENG that would have a 
high output performance from typically involve one contact electrification material with electron 
donating group on its surface and the other with more electron accepting group on its surface. Also, 
three different methods by alternating states of materials were demonstrated for improving the 
TENG’s output performance. They are to functionalize the material’s surface, to add nano or 
microstructures onto surfaces, and to change material’s dielectric constant. In the next section, the 
four different structures, or working mode, of TENG are discussed.   
1.5 Four Working Modes of TENG 
 
Figure 3. The Four Fundamental Modes of Triboelectric Nanogenerators: (a) vertical contact-
separation mode; (b) in-plane contact-sliding mode; (c) single-electrode mode; and (d) freestanding 




With a strong understanding of materials used in triboelectric nanogenerators, this section 
would cover different structures of triboelectric nanogenerators. Depending on the direction of the 
polarization change and electrode configurations, four different operation modes of the TENG 
have been proposed since its initial design in 2012. The four modes shown in Figure 3 include 
vertical contact-separation (CS) mode, lateral-sliding (LS) mode, single electrode (SE) mode, and 
freestanding triboelectric-layer (FT) mode.32 The vertical-contact separation is the simplest design 
of the TENG. In this mode, the relative motion is perpendicular to the surfaces of the dielectric 
surfaces. Once the two surfaces are separated by a small air gap, a potential drop is created. Once 
the air gap is removed, due to pressing the dielectric materials together, the potential drop 
disappears. Thus, essentially, the periodic contact and separation between two materials creates a 
changing potential drop, which is able to drive electrons to move between the electrodes, 
producing an output current. For this device, it is important to note that the capacitance is inversely 
proportional to the gap of the device. Thus, at a very high separation distance, the capacitance is 
very small, which would cause an infinitely high voltage. The lateral-sliding mode starts off with 
the same structure as the vertical contact-separation mode, but instead it utilizes a relative sliding 
in parallel to the interface to create a potential. Similar to vertical contact separation mode, when 
the dielectric material is pressed together, the potential drop is zero, and when the dielectrics are 
separated, a potential drop is created. It is important to note for the sliding mode, the change of 
capacitance for the sliding mode TENG is usually smaller than that of contact separation mode 
TENG, which would cause a smaller output voltage.7 The sliding between the dielectric surfaces 
could be done by simple planar motion, a cylindrical rotation, or disc rotation. The single-electrode 
mode is used when a part of the TENG could not be electrically connected to a load because the 




TENGs’ applicability for harvesting energy from an arbitrary moving object, because the electrode 
of the TENG has to be interconnected to the entire system by interconnect. Thus, in single electrode 
mode, the bottom part of the TENG is grounded, and the moving object can induce electrons 
directly onto the top electrode. This mode could be used effectively to harvest energy from human 
body motion. The last mode, the freestanding triboelectric mode, a pair of electrodes lie underneath 
a moving dielectric layer. As the dielectric layer moves, an electrical output is induced from 
asymmetric charge distribution as the freely moving object change its position. It is proven as the 
best mode to investigate theory of TENG, as if the mover is a dielectric, the capacitance could be 
considered constant relative to the position of the mover.9 With these four modes, different 
applications of TENG could be realized, as some of the modes would be more effective in different 
uses. 
1.6 Current Applications of TENG 
 The major applications of TENG could be used in three main areas: self-powered active 
sensor, an energy harvester for self-powered systems, and for power sources for high voltage 
instruments.  
For self-powered active sensors, since TENG can transform mechanical stimuli into 
electrical signals directly, it could use the electrical signals generated as a sensor to tell about the 
characteristics of the mechanical stimuli. Since it occurs without applying an external power unit 
to the device, the sensor is considered self-powered. Overall, TENGs have been used as a self-
powered sensor for a range of sensing types such as finger touch,33 motion sensing,34 sounds,35 




Thanks for the merits such as light-weight, low cost, abundant material and structural 
choices, TENG could be used as an effective and efficient energy harvester by harvesting 
biomechanical energy,37-40 blue energy (energy from ocean waves, and ocean current)1, 41-43, 
vibration energy,44-46 and wind energy.47-50 TENG is also known to have superior performances at 
harvesting low frequency compared to conventional electromagnetic generators (EMGs).51 This is 
effective for harvesting biomechanical energy, because human motion or even a human pulse 
operates at low frequencies. Furthermore, TENG has been used in harvesting energy from low-
frequency ocean waves. Another set of research involves using TENG to harvest various 
vibrations, and energy from the wind as they are ambient in the environment. With the energy 
harvested, many different electronic devices could be powered. 
Also, the last main application of the TENG is to use the intrinsic characteristics of high 
voltage and low current which allows TENG as an alternative of conventional HV power sources 
with unprecedented portability.52-57 The high voltage of the TENG could be easily over 100 kV; 
thus, these power sources do not require sophisticated power converters, which reduce the system 
complexity and cost. Also, since the charge transferred from TENG is small, the HV applications 
of TENG should have little requirements on current, and better performance could be achieved 
then compared to conventional sources, as higher current could cause a higher noise in the system. 
Also, the lower current is demonstrated to be safer for the personnel operating and the instrument 
itself. Furthermore, with the high voltage application, several TENG based commercial product, 
such as air filters58 and face masks59 have been launched in China, which pioneer and pave the 





1.7 Dissertation Scope 
 With the three main applications of TENG explained, this dissertation aims on expanding 
each of the applications of the TENG (self-powered active sensing, energy harvesting, and high- 
voltage applications).  
In Chapter 2, applications of TENG for self-powered active sensing are discussed. Firstly, 
for self-powered active sensing, there is a need for self-powered sensing of strain, especially strain 
from human body motion, which previous nanogenerators have not obtained with a high sensitivity 
and selectivity. Thus, the first auxetic-based contact mode TENG was developed to create a self-
powered strain sensor that has a much higher sensitivity and selectivity. This work is shown in 
Section 2.1. Also, since triboelectric nanogenerator could be made with any materials, there is a 
vision that one could transform everyday objects, such as paper into self-powered active sensors. 
The use of paper in TENG is shown in Section 2.2 and 2.3. In Section 2.2,  the use of paper as a 
self-powered acoustic sensor is shared, and in Section 2.3, the use of paper-based origami 
structures in creating TENG structure is shared. This shows the role of transforming paper into 
self-powered active sensors. Furthermore, in Section 2.4, self-powered fluid sensors are discussed. 
The first work involving self-powered fluid sensors is a self-powered wind speed sensor that use 
frequency to detect wind speed instead of utilizing current was constructed. Also, another work of 
self-powered fluid sensor, a self-powered wave height sensor, is discussed. 
 For TENG use in energy harvesting, as shown in Section 3, enhancement of the harvesting 
efficiency, and decreasing load impedance of TENG is a must, as the impedance of TENG is 
currently much higher than most commercial electronics. Thus, in this dissertation, strategies and 




from water for harvesting ocean wave energy and decreasing the load impedance of the TENG in 
ocean wave harvesting are shared in Section 3.1 and Section 3.2. Also, the electrostatic screening 
effect, that will be shared in Section 3.1, from water is then examined in detail by changing the 
substrate material of the TENG. Three different solid substrate materials with different dielectric 
constants were tested, and the output performance of the nanogenerators were evaluated in Section 
3.3. It was found that the lower dielectric constant of the material contributes to a higher output 
power generated in the freestanding case, which shows the advantages of aerogel-based structure 
in energy harvesting. Lastly, the energy harvested from the TENG needs to be effectively stored 
in an energy storage device. To address this issue, Section 3.4 shows a hybrid electromagnetic 
triboelectric bracelet in effectively harvesting energy and storing the harvested energy in a 
supercapacitor with a low discharge current.  
For TENG use in high voltage applications, since this is a relatively new field, 
understanding the effect of high voltage discharge in different electrical components, such as 
resistors and capacitors, is needed, as shown in Section 4. First, the high voltage discharge in 
resistive systems are examined in Section 4.1. It was found that TENG could short a 3D- printed 
fuse, changing the resistance of the fuse. With this work, applications in self-powered sensing 
system and personal security device are discussed and demonstrated. Then, capacitive based 
systems were tested, and the effect of electrostatic discharge are examined in Section 4.2. It shows 
that by utilizing high voltage pulses generated from TENG, and passing it through a capacitor, 
electrostatic discharge was examined, and this process could significantly increase instantaneous 




The above-mentioned goals are summarized in Table 1, and in the next chapter, the current 
progress to achieve these goals in TENG for self-powered active sensing would be discussed. 
Table 1: Existing Challenges and Goals of This Thesis in TENG for Self-Powered Active 
Sensing, Energy Harvesting, and High-Power Voltage Applications 
 Challenges Goals 
Self-Powered Active 
Sensing 
v Proof of Concept Phase 
 
 
v Lack of self-powered 
strain sensing and 
accurate wind speed 
sensing 
 
v Lack of solid hardware 
solution 
 
v Fabricate first self-powered 
strain sensor utilizing contact 
mode. 
 




v Use of Frequency to Sense Wind 
Speed, and self-powered active 
sensing of wave height 
Energy Harvesting v Low Power Output 
limited by electrostatic 
screening effect. 
 
v Low efficiency due to 




v Lack of energy storage 
elements to store 
harvested energy 
 
v Developed New theory to 
reduce electrostatic screen 
effect in harvesting ocean 
waves and investigate effect of 
different substrate material on 
performance of nanogenerator. 
v Developed multi-layer TENG to 
reduce impedance of 
nanogenerator 
v Integrate a wearable 




v High Voltage (~kV) 
 
 
v Low Current (~μA) 
v Investigated effect of 
electrostatic discharge from 
high voltage of TENG. 
v Utilized high voltage application 






CHAPTER 2. TENG AS SELF-POWERED ACTIVE SENSOR 
The rapid development of internet of things (IoTs) requires wireless, multi-functional, 
independent operation of sensor network. Considering the large number and small scale of sensors, 
the implantation of traditional power supply into powering these sensors has become a big 
challenge. In this regards, self-powered active sensors based on triboelectric nanogenerators 
(TENGs) would be an optimum solution. Since the TENG can transform mechanical stimuli into 
electrical signals directly, it could use the electrical signals generated as a sensor to tell about the 
characteristics of the mechanical stimuli, by analysis of the electrical signal’s magnitude and 
frequency. Also, this is considered a self-powered sensing, as no external power device is needed 
for the sensing operation. For analyzing the magnitude of the voltage or current peak, one could 
obtain information on how much force or pressure is acted on a TENG element.31, 60-62 Also, for 
analyzing the electrical signal’s frequency, one could obtain how fast an object is moving, which 
allows it to be utilized as a motion sensor,63-65 Furthermore, the TENG has been shown to be used 
as a self-powered chemical sensor, due to the sensed chemical can change an output impedance of 
a chemical sensor. The electrical performance of the TENG strongly depends on the load 
impedance of the device; thus, by investigating the electrical performance of the TENG integrated 
with an impedance based chemical sensors, different chemicals could be sensed with TENG 
technology.66-69  
In this chapter, a new self-powered active sensor utilizing novel materials is designed, and 
it is the first active sensor for TENG component to actively detect strain motion with high 
selectivity and sensitivity.70 Furthermore, self-powered sensors based on different kind of 
everyday materials, such as paper, have been created, and by utilizing signal processing and 




detected. Then, a new wind speed sensor based on aeroelastic fluttering is proposed. The novelty 
of this sensor is the use of frequency to measure wind speed, whereas in previous reports, they had 
use current value to detect wind speed. Another fluid sensor was made and demonstrate, and it was 
used for wave height monitoring.  
2.1 Auxetic Foam Based TENG as a Self-Powered Active Strain Sensor 
Strain sensors that can monitor various human body motion have received great attention 
in recent years, due to their many applications in human-machine interfacing and medical 
monitoring.71-74 Current strain sensors are driven by rigid power supplies, which would limit their 
usage and applications in many cases, especially when harvesting energy on and from the human 
body.75, 76 Previous works from our group include a piezoelectric strain sensor, but piezoelectric 
nanogenerators could not provide a sustainable power supply, as the output voltage is too low, 
which would make this technology to be difficult in charging a battery or capacitor.77, 78 To provide 
a sustainable power supply, TENG had been used previously to harvest energy from the human 
body and have been shown to display a change of output potential at different strains of stretching 
by utilizing the sliding mechanism of the TENG. 79, 80 However, for a TENG to operate as a self-
powered active strain sensing component, both the selectivity and sensitivity of the sensor are 
important values. By utilizing the sliding mode of the TENG, when the materials are being 
stretched in previous reports, 79, 80 their devices could not be used as an effective strain sensor, 
because their sensitivity is low, due to less change of effective contact area, and a corresponding 
voltage could be related to two different strains, symbolizing their sensors are not selective. 
To address these issues of low sensitivity and selectivity, the sliding mode mechanism in 




separation single electrode mode, the output performance, especially the total charge on the 
material’s surface, strictly depends on the contact area between two dielectric surfaces and the 
separation distance between the two materials.6, 81 Thus, a design is made to have the two dielectric 
materials of the TENG initially to have no or very small contact area when no strain is applied, 
and once strain is applied, the contact area increases directly with increasing strain. The optimal 
material choice for this design is to use an auxetic material, 82 which are materials that have a 
negative Poisson’s ratio, for the inner dielectric of the TENG. Once the auxetic material is 
stretched, the auxetic material is then able to contact the outer triboelectric layer. Furthermore, 
once the auxetic material is released from stretching, the auxetic material would separate from the 
outer triboelectric layer. 
The auxetic material that was used in this work is an auxetic polyurethane (PU) foam. To 
fabricate this auxetic PU foam, a PU Foam was triaxially compressed inside an aluminum square 
tube with a side length of 1 in. The tube with the PU foam inside was then heated in the furnace at 
a temperature of 175 °C for 10 minutes. Compressing the foam triaxially would cause the ribs of 
the foam’s cell to buckle, forming a re-entrant cell structure. Furthermore, heating the foam past 
the softening point followed by cooling would cause the material to retain the buckled structure. 
The foam was then removed from the aluminum tube and cooled to room temperature to produce 




Figure 4. SEM images of Polyurethane foam. a) original PU foam. b) Auxetic polyurethane 
foam.70  
After the auxetic PU foam has been cooled to room temperature, the original PU foam 
shown in Figure 4a and auxetic PU foam shown in Figure 4b were both compared on the 
microscopic level by using scanning electron microscopy (SEM). In order to be viewed in the 
SEM, gold was first sputtered onto the polyurethane foam. The auxetic PU foam has a buckled 
structure, which makes the foam stretchable, whereas the previous PU foam was not stretchable. 
Once the auxetic foam is stretched, the auxetic would unbuckle, which would cause an increase in 
volume. Also, the auxetic re-entrant foam shows a larger contact area, which would cause the 
charge transferred from contact electrification to be higher compared to the charge transferred by 
the regular PU foam. It is also important to note that the original PU has pores ranging in diameter 
of 200-300 microns, which because of the porous structure would cause less contact electrification, 
resulting in less charge transferred. 
With the new auxetic foam material, the mechanical properties of the material were 
investigated. When a tensile force was applied on the auxetic PU in its longitudinal direction, the 
other two directions, the latitudinal directions, would also expand.83 This is due to the tension 




in the y and z directions due to Poisson’s relationship is compared with the strain of expanding in 
the x direction, and the relationship is shown in Figure 5a. The Poisson’s ratio, the negative ratio 
between the transverse strain and the longitudinal strain in the elastic loading direction, was 
calculated to be the negative slope of the line, which is measured to be −0.62. Figure 5b and Figure 
5c shows the optical images of the unstretched and the fully stretched state of the PU foam. From 
Figure 5b and 5c, it shows the photograph of the auxetic foam before and after stretching, 
respectively. It could be seen that the material expands in the latitudinal direction when stretched 
in the longitudinal direction.  
Figure 5. Mechanical properties of the Auxetic Foam Material. a) Transverse strain versus 
applied axial strain of auxetic PU foam. b) Photograph of as prepared auxetic PU foam (scale bar: 





Figure 6. Structure and Mechanism of the Auxetic Foam Based TENG. a) Illustration of 
auxetic foam-based TENG. b) Mechanism of auxetic foam-based TENG.70 
After evaluating the properties of the auxetic polyurethane foam, the auxetic foam based 
TENG, as shown in Figure 6a, is fabricated. The outside shell is a polytetrafluorethylene (PTFE) 
layer with a conductive fabric that has been attached on the back side. The PTFE layer was then 
wrapped carefully over the auxetic PU foam. The working mechanism of the TENG device is 
shown in Figure 6b. When the auxetic PU foam is stretched, the PU foam expanded and contacted 
with the PTFE friction layer, causing triboelectrification. Since PU foam and PTFE friction layer 
are opposite on the triboelectric series, the PU foam would generate positive charges, whereas the 
PTFE would generate negative charges.15, 19 After the PU foam was released from the stretched 
state, the PU foam would separate from the PTFE, returning to its original position. The charge 
separation would cause the PTFE to induce positive charges onto the conductive fabric, which 
would drive electrons to flow from the reference electrode, ground, to the conductive fabric, 
producing a net current. Furthermore, if the PU foam is subjected to a higher strain, there would 
be a larger contact area between the PU foam and the PTFE friction layer, and thus there would be 
more charges stored in the PTFE layer after release, which would cause more induced charge on 
the conductive fabric. This allows the PU foam to act as a self-powered active strain sensor, as the 




Figure 7. Electrical outputs of Auxetic Foam Based TENG at different strain. a) The open 
circuit voltage (VOC). b) Transferred charge density (σtr). c) Short circuit current (Isc). d) Sensitivity 
of VOC with strain. e) Sensitivity of σtr with strain. f) Sensitivity of Isc with strain.70 
 Afterwards, the auxetic based TENG was fixed onto a linear motor, and the linear motor 
was able to produce oscillatory motion, stretching the auxetic foam periodically. The output 
performances of the device, open-circuit voltage (Voc), transferred charge density, (σtr), and short-
circuit current (Isc), all measured by Kiethley 6514 electrometer, were investigated by stretching 
the PU foam to different strains (10%, 20%, 30%, 40%) under the same frequency (1 Hz), as shown 
in Figure 7a-c. The resulting output open-circuit voltage reached 12 V, the resulting charging 
density reached 1.6 μC m−2, and the resulting output short-circuit current reached 8.5 nA at 40% 
strain. Also, the values of open-circuit voltage, transferred charge density, and short-circuit current 
continue to monotonically increase with increasing strain, which unlike the previous results, 
showed that the voltage increased as the device approaches a fully stretched state and then showed 
the voltage decreased afterward with increasing strain. For the previous reports, the voltage 




current to decrease after further increasing the strain, which is evident in Yi et al’s work84 and (2) 
the overstretched state would have a decreasing and less effective contact area with increasing 
strain, causing a decrease in the output voltage and charge, which is evident in the work done by 
Wu et al.85 This auxetic foam TENG avoids this issue due to the resistance of the conductive fiber 
on the PTFE does not vary as the strain increases, and the contact area would always increase with 
increasing strain. This further emphasizes the importance of the auxetic foam TENG as a strain 
sensor, as only one strain value is obtained at a specific open-circuit voltage, whereas in previous 
reports they could obtain two different strain value corresponding to a peak to peak voltage value.84 
To further evaluate the output performance of the TENG, the maximum Voc, Qtr, and Isc 
of the TENG is plotted as the function of strain and shown in Figure 7d–f. The sensitivity, or gauge 
factor, is defined as d(ΔV/A)/dε, where ΔV is the relative change in the output voltage, A is the 
maximum area of the device, and ε is the applied tensile strain on the device. The open circuit 
voltage reached 1.6 V cm−2, the charge density reached 4.57 μC m−2, and the obtained current 
reached 1.16 nA cm−2. The sensitivity of the gauge factor from the generated voltage was 
compared to the sensitivity in previous triboelectric strain sensors. For example, the device with a 
gauge factor of 0.6 V cm−2 was obtained in Wu et al.,79 and a gauge factor of only 0.14 V cm−2 
was obtained in Yi et al.84 The better sensitivity is caused by these two main reasons: (i) the 
increase of the contact area of the TENG due to the strain helps the triboelectric friction layer to 
accumulate more charges, which would cause a larger change in potential difference per unit area 
of device when the foam is stretched; (ii) The TENG would also have a higher separation distance 
when the foam is released from the stretched state at larger strains. This would further enhance the 




distance. Thus, the auxetic-foam based TENG showed a higher sensitivity and selectivity to strain 
than the other TENGs.  
 
Figure 8. Application of Auxetic Foam based TENG as seat belt a) Output of the seatbelt when 
subjected to maximum strain applied. b) Demonstration of output by moving shoulder. c) 
Demonstration of output by tapping. Inset: Photograph of a person wearing the auxetic seatbelt.70  
With the higher sensitivity and selectivity of the sensor and the superior mechanical 
properties, such as higher durability, and higher indentation and shear resistance of the foam, the 
next work is to show its use in practical application.  It was found that this device could be used 
for application that require a long lifetime, such as a smart seatbelt and smart weight sensor. To 
fabricate this smart seatbelt, ten auxetic PU foams were glued onto each other, and a large-scale 
PTFE-conductive fabric-PTFE friction layer was wrapped carefully around the multiple auxetic 
PU foam structure. The device was then fixed onto both sides of the chair, as shown in inset of 
Figure 8c. When a user moves back and forth on a seat, the triboelectric seat belt would be stretched 
in the latitudinal direction, which would cause the foam to expand in the longitudinal direction and 
caused contact electrification. The voltage corresponding to the displacement of the moving back 
and forth motion was investigated and is shown in Figure 8a. The relationship between the open 




to the maximum displacement of 15 cm. Furthermore, the sensor could easily be calibrated by 
utilizing this fitting line. When the user moves back and forth is revealed in Figure 8b, the output 
voltage was collected and displayed on the computer screen. Further application of the device 
includes sensing at high thrusting motion, such as if a person is involved in the car accident, and 
the foam could actively sense the signal, provoking an air bag in response to how high the sensed 
thrusting motion. The sensing of the high thrusting motion could be sensed by utilizing an Arduino 
Microcontroller, which is able to detect the output voltage from the TENG and compare it to a 
threshold voltage. When stretching with the small thrusting motion, the voltage did not pass a set 
threshold, so the Arduino microcontroller would not do any further processing. On the other hand, 
when subjected to a faster thrusting motion, the voltage exceeded a threshold voltage, and would 
cause the microcontroller to trigger a buzzer. This demonstrates an important role of the 
nanogenerator in sensing aggressive deceleration, which allows it to sense if an user is involved in 
a car accident. Furthermore, the TENG could detect and harvest energy from tapping motion, as 
revealed in Figure 8c. 
 
Figure 9. Applications of the Auxetic Foam Based TENG as a weight Sensor. a) Circuit 
diagram of connecting the TENG to Arduino microcontroller and computer display b) 




Also, the high strain sensitivity renders the auxetic foam based TENG to act as a self-
powered weight sensor. The system is shown in the inset of Figure 9c. The lighter objects would 
cause a smaller deformation and strain onto the auxetic foam, which would cause a smaller change 
in the produced voltage. And, heavier objects would cause a larger deformation on the foam, 
causing a larger voltage change. Different items with different weights (1 lb., 2 lb., 3 lb.) were 
weighed by the auxetic weight sensors and the output Voc is displayed in Figure 9b. Different 
weight of objects could generate different voltages; for example, 1 lb. object corresponds to 1.5 V, 
2 lb. object corresponds to 7 V, and 3 lbs. object corresponding to 12 V. Thus, the voltage increased 
with the weight of the materials. To characterize and further sense the different outputs from the 
different weights, an Arduino microcontroller was connected with the weight sensor. If the output 
voltage exceeds a threshold voltage, the weight would be displayed on a computer screen. The 
circuit diagram for this integration of TENG and the Arduino Microcontroller is shown in Figure 
9a. As shown in Figure 9c, the auxetic weight sensor could sense different weights accurately and 
could display an output on the computer screen corresponding to the exact weight of the device. 
After the three-pound object is dropped, the phrase ‘3 lbs’ is displayed onto the computer screen, 
and this demonstrates the effectiveness of the auxetic foam TENG in its application as a weight 
sensor. 
In this work, the first contact-mode triboelectric self-powered strain sensor has been 
fabricated to sense body motion was demonstrated. By utilizing a new material, auxetic 
polyurethane foam, the auxetic foam would expand when the foam is stretched and caused contact 
with a PTFE friction layer to generate electricity. This contact mode TENG exhibited a strain 
sensitivity of 1.6 V cm−2, which had a higher sensitivity compared to TENGs that used sliding 




in various self-powered sensing applications, such as monitoring human body movement, a weight 
sensor, and a seat belt to monitor different body motion in the car. With the application of the seat 
belt, it could be utilized in detecting high thrust motion and aggressive deceleration, which could 
prove valuable in the future of IOT in self-driving cars, as the car could detect whether the user 
got involved in an accident. In the next two sections, transforming paper into a self-powered active 
sensing unit by utilizing triboelectric nanogenerator is discussed.  
2.2 Paper-Based Triboelectric Nanogenerator as an Acoustic Sensor 
 Paper is formed by multiple layers of cellulose fibers and it is recognized as the most 
environmental-friendly and renewable material.86 It is a versatile material with many uses, such as 
for writing, packaging, and decorating, and it is hard to imagine living a life without paper. 
Recently, it has been intensively studied in the past two decades, and advancement of paper in 
electronics has been witnessed.87, 88 Paper based electronics have been considered as one of the 
most exciting technologies in the near future due to its sustainability, low cost, and mechanical 
flexibility.89 Recently, paper-based energy harvesters have been intensively developed for self-
powered energy generation and self-powered sensing.85, 90-93 In this section and the next section, 
transforming paper that people use every day into a smart self-powered sensing material by 
utilizing TENG is discussed. 
The first work of utilizing paper-based nanogenerator for self-powered active sensing is 
for it to operate as an acoustic sensor.94 Sound or acoustic energy is an important form of energy 
that exists in everyday life and has been overlooked as a green energy source that could be 
harvested, mainly due to it has a lower power density compared to other forms of energy.95 




microphone, or an acoustic sensor, which outputs an electric signal based on the sound pressure 
variation it sense. With an acoustic sensors, various application had been studied, such as speech 
recognition,96 hearing aids,97 and structural maintenance.98 One issue with most commercial 
microphone is that it requires power for operation and sound amplification.99 Furthermore, there 
have been another type of acoustic sensors, called self-powered acoustic sensors, that do not 
consume power, but are bulky in nature or complex to manufacture and costly to scale in size.100-
102 Thus, there still remains a challenge in designing a microphone or acoustic sensor, which is 
passive and has a sound quality comparable to its active counterparts while still preserving a 
lightweight and versatile form factor. Paper would be an excellent choice in fabricating acoustic 
sensors, as it is able to have both the versatile form factor and being lightweight in nature. Thus, 
in this work, the design, fabrication, evaluation, and applications of a flexible and self-powered 
paper-based acoustic sensor is performed. 
First, I am going to discuss how this a paper can generate electric signal by the triboelectric 
effect. Holes were made in the paper to create mini-resonant cavity for air when sound propagates, 
resulting in an enhancement of the vibrations on the paper media. Thus, this acoustic sensor would 
work on the principle of vibration-induced contact, as propagation of sound through air causes 
compression and rarefaction of the paper film, and during the compression or contact stage, when 
the copper contacts a PTFE surface, charges would be generated on both PTFE and copper due to 
contact electrification. The process is explained and shown in Figure 10. After full contact, 
subsequent rarefaction would separate the paper and the PTFE. This would produce an electric 
potential between the copper electrode on the paper and a copper electrode behind the PTFE if it 
is open-circuit state. For a short-circuit state, with the circuit diagram shown in Figure 10, it would 




copper layer on paper approaches the PTFE layer again, the flow of current reverses in direction, 
completing a cycle of electricity generation. Thus, this device is able to convert mechanical sound-
based energy into electricity, which is shown by the alternating current, and this device would be 
referenced as a self-powered paper-based triboelectric acoustic sensor. 
 
Figure 10. Working Mechanism of Electricity Generation Process of Paper-Based Self-







Figure 11. Fabrication Process of Paper-Based Self-Powered Triboelectric Acoustic Sensor. 
Step 1: Preparation of micro-hole paper. Step 2: Deposition of copper layer. Step 3: Attaching 
copper tape as electrodes. Step 4: Stacking PTFE and paper. Step 5: Gluing PTFE and paper. All 
dimensions are in mm. 94  
Next, I am going to explain on how to create and fabricate this self-powered triboelectric 
acoustic sensor. To fabricate this device, with the steps shown in Figure 11, firstly, 400 μm 
diameter holes with an even spacing of 200 μm were micromachined via laser cutter on copier 
paper in a grid pattern. The 400 μm holes and spacing of 200 μm spacing were maximized to 
produce the highest output. The hole pattern forms a 4 cm. x 4 cm. square grid. A small boarder 
of 5 mm on one side and 2 mm on the other side is left to be used for attachment of the PTFE layer, 
and is kept small to ensure the ease of reproducibility of the cavity created between copper and 
paper after being attached together. Then, both the paper sheet and PTFE sheet are coated on one 
side by Physical Vapor Deposition (PVD) a thin layer of copper that acts as electrode. Then, a 
conductive copper tape was attached on the copper side of the paper and the PTFE in order to 
extend the electrodes for measurement purposes or to connect to an external circuit. The paper and 




coated side of PTFE, which is not conductive. Then, the paper layer with the copper side facing 
PTFE is glued to an uncoated PTFE using glue dots at nine anchor points. 
Next, the output performance of the paper-based structure needs to be measured. To test 
and characterize the performance of the self-powered paper-based triboelectric acoustic sensor, a 
frequency sweep using a JBL Flip 2 speaker was used as an input sound recording. The frequency 
sweep is a sine wave linearly increasing in frequency (20Hz-20kHz) with an increase of frequency 
defined as 1kHz per second, as shown in Figure 12b. The frequency was standardized at  1000 Hz 
frequency and the  sound pressure level is standardized at  94 dB or 1 Pa of pressure. The power 
in dB re mV/Pa at 1000 Hz frequency is defined as the acoustic sensitivity of the acoustic sensor. 
It is used as a representative of the sound quality of the acoustic sensor. The electrical response 
generated by the triboelectric acoustic sensor is measured as voltage by utilizing an Analog 
Discovery oscilloscope, which has a 1 MΩ resistance. Please note that with a 1 MΩ resistance, the 
voltage is not in open-circuit state, which would result in a lower output voltage measured. Figure 
12a shows the electrical response for the acoustic sensor for the chirp sound input. The maximum 
voltage is achieved at a resonant frequency of approximately 275 Hz. Furthermore, the power in 
dB is measured by utilizing the 20*log (sensitivity/Vnoise). At 1000 Hz, the acoustic sensitivity 
is -26.63 dB re mV/Pa, which is shown in Figure 12c. 
 With the measurement of output performance completed, it is necessary to show 
applications of this paper based triboelectric acoustic sensor. To show practical applications of the 
sensor, a smart tabletop with two paper-based triboelectric acoustic sensors placed on the table 
with two people speaking, in order to simulate a conversation. As the two people speak, the 




acoustic sensor patches. The paper based triboelectric acoustic sensor patch placed near to a 
speaker will have a higher output voltage compared to the one that is placed farther away from the 
speaker, due to the higher amplitude that the closer patch would detect. Figure 13b shows a simple 
example of such localization and the setup of the two acoustic sensors and two speakers. 
Furthermore, to test the output signal, the acoustic sensors are hooked up to Analog Discovery 
oscilloscope to measure the output voltage, which is shown in Figure 13a and Figure 13c, when 
two speakers in different position speak directly to each other. When speaker A (yellow) speaks, 
the closer acoustic sensor to speaker A, microphone 1, has a higher output voltage amplitude than 
the other acoustic sensor, as shown in Figure 13a, and Figure 13c. Similarly, when speaker B (blue) 
starts speaking, the closer acoustic sensor, microphone 2, has higher output voltage amplitude than 
the other microphone 2, as shown in Figure 13a and Figure 13c.  This demonstrate that by utilizing 
two triboelectric patches, an application of self-powered position sensing of the speakers could be 
detected. Such infrastructure can be further expanded to include multiple acoustic sensors on the 
table to determine position of more speakers.  
 Also, the triboelectric paper based acoustic sensor could be used for speech recognition. 
Since the triboelectric paper based acoustic sensor could be placed on almost everyday objects, the 
paper was placed onto a Coca-Cola bottle, as seen in Figure 14a. A person then speaks the phrase 
“Let’s Share a Coca-Cola” to the bottle with the paper-based acoustic sensor attached on the 
packaging label of the bottle, as shown in the right image of Figure 14a. The output voltage is then 
measured, and the time series graph of live speech is shown in the time series voltage, as shown 
in Figure 14c, with the corresponding spectrogram shown in Figure 14d. The spectrogram shows 
the paper-based triboelectric acoustic sensor is able to produce sufficient detail that is enough to 




 In this work, the design, evaluation, and applications of the paper based triboelectric 
acoustic sensor is performed and shown. The triboelectric acoustic sensors’ simple fabrication 
process and ease of deployment on a variety of surfaces enables new opportunities for audio 
sensing over large indoor/outdoor areas for both mobile and stationary objects. This shows that it 
is possible to convert a widely used material into a sensing surface that could be used to detect 
sound by the triboelectric effect. Furthermore, applications were demonstrated, and this paper-
based triboelectric acoustic sensor could be used for both position sensing of speakers and for 
speech recognition, as the output signal was able to produce enough detail for spectral feature 
extraction. In the next section, other use of paper in fabricating self-powered sensors leveraging 
different design of triboelectric nanogenerator is discussed. 
 
Figure 12. Electrical Response from Self-Powered Acoustic Sensor. a) Voltage vs time with 
increasing frequency over time. b) Spectrogram of the frequency sweep with linearly increasing 





Figure 13. Application of Paper Based Acoustic Sensor as a Smart Tabletop. a) Output voltage 
response on paper-based triboelectric sensor 2 from Speaker A and Speaker B. b) Setup of smart 
tabletop with two speakers and two paper based acoustic sensor. c) Output voltage response from 
paper-based triboelectric acoustic sensor 1 from Speaker A and Speaker B.94  
Figure 14. Application of Paper Based Acoustic Sensor as a Sound-sensitive Bottle. a) 
Photograph of paper based acoustic sensor embedded in a soda bottle. b) Photograph of a user 
speaking to the paper based acoustic sensor. c) Voltage response of the paper-based acoustic sensor 
when user speak “Let’s share a Coca-Cola”. d) Spectrogram of the paper-based acoustic sensor 
when user speak “Let’s share a Coca-Cola”. 94  
2.3 Triboelectric Nanogenerator Based on Paper-Based Origami Structures for Self-
Powered Sensing Applications 
Furthermore, I wanted to further expand the area of paper-based nanogenerator for self-
powered active sensing. A property of paper allows it to be folded to make origami, allowing for 
different form factors to arise. Recently, research had been focused on embedding electronics such 
as printed circuit boards (PCB) into paper folds.103 Originally, PCBs are produced as 2D shapes, 
but by folding PCB arrays, it is possible to create 3D objects that contain electronic functions. 
Similarly, utilizing the change of form factor, contact-separation mode TENG could be designed 
through a piece of constructing paper, whereas before, multiple layers were used to construct 
TENG. By folding paper, a crease, composed of two rigid faces and connecting joint, is created. 




mechanical properties that enable the motions of compressing and expansion. In this design, 
conductive copper and dielectric layer are put onto the rigid faces that are produced after a fold. 
During compression stages, copper and PTFE would contact, causing contact electrification. After 
separation, there would be charges transferred from one electrode to the other electrode on the 
other side of the fold, producing electricity and harvesting the compression and separation’s 
energy. Thus, the idea of this project is to integrate the aesthetic and functional traits of paper 
creases with a triboelectric nanogenerator to harvest energy for self-powered active sensing.104 
 
Figure 15. Fabrication Process of Origami Based TENG. a) Cutting and scoring paper by 
utilizing laser cutter. b) Cutting copper adhesive by utilizing vinyl cutter. c) Folding and creasing 
paper. d) Attaching copper adhesive onto origami structure e) Attaching PTFE adhesive onto the 




Figure 15 shows the fabrication process that was done to create these origami-based 
triboelectric nanogenerator. The first step is to fold and crease paper, as shown in Figure 15c. Then, 
two copper adhesive layers were attached onto the rigid faces of the paper to make the electrodes 
of the origami-based triboelectric nanogenerator, as shown in Figure 15d. Next, PTFE layer were 
attached to one side of the copper electrode, as shown in Figure 15f. With this design, the 
triboelectric nanogenerator works as a contact-separation mode TENG. When a user press on the 
origami, the copper layer and PTFE layer would fully contact and separate producing electricity 
by the triboelectric effect. 
 







Figure 17. Origami Based TENG with Applications as a Finger Puppet. a) Schematic showing 
the connection of an origami-transmitter with a Stripe fold. b) Embedded schematic of the IR 
Receiver and Arduino Microprocessor. C) Application showing as a dinosaur puppet opens and 
closes its mouth, the laptop screen behind connected to the IR receiver generates shooting fire 
graphics.104  
To demonstrate the broad possibility of the origami-based nanogenerator, two applications 
of the paper-based nanogenerator have been demonstrated for self-powered active sensing. The 
first application is it could be utilized as a finger puppet, and the second application is it could be 
utilized as a voting counter. For the finger puppet, it is created by utilizing a stripe-based fold, 
which is shown in Figure 16a, as the simplest origami pattern. The nanogenerator is then connected 
to an infrared (IR) light emitting diode (LED). In a previous work of the paper based 
nanogenerator, the IR transmitter was powered by the microcontroller, allowing the IR transmitter 




transmitter could be powered direction by the nanogenerator; thus, it could show a broader 
application of self-powered optical communication. Also, Ding et al previously demonstrate the 
use of TENG with visible LEDs for an optical communication system.106 However, the visible 
LED could be seen by human, which could limit some theatrical or security applications. This 
demonstrates an advantage of utilizing IR LEDs over using visible LEDs. Thus, in this case, visible 
LED was replaced with IR LED to demonstrate that IR LEDs could be powered by TENG and 
could be used as an optical communication system. When a user pinches the Stripe pattern, the 
copper and PTFE layers would contact, producing electricity to power an IR LED. The IR signal 
would be sensed by an Arduino Uno microprocessor, which is connected to a computer using 
Processing software. In response, there would be a fire shooting graphic that is displayed on the 
computer that is generated in response to the pinching motion, and IR light being sensed, as shown 
in Figure 17.  
For the second application, a different fold of the origami is used. It is a yoshimiura fold, 
which is a fold that could make paper have a springy like texture. With the fold, the origami-based 
nanogenerator was used as a self-powered force and touch sensor, with the structure of the fold 
shown in Figure 16b. The applications adapt the spring-like property when it is folded into a 
playful pattern for a user to press and embraces it as a part of graphic design. In this application, 
the origami was made into a button like structure, as shown in Figure 18d. By tapping the button 
associated with the item, the user generates a voltage that can be sensed by a microprocessor; then, 
the microprocessor will detect the voltage and if the voltage exceed a threshold voltage set by the 
user, it will light another LED in the LED strip that is displayed back to the user on the item they 
tapped on, as shown in Figure 18. This shows that origami based TENG could be used as an 




In this work, paper was transformed into a self-powered touch-based active sensors by 
using TENG technology and origami folds. The two different folds were made for the TENG to 
be used as a self-powered active sensor. These different folds allowed for different self-powered 
sensing applications, mainly for detecting if the paper-based nanogenerator is being pressed. It has 
been demonstrated that the paper-based nanogenerator could light up IR-LED, which expands a 
further application of optical communication technique. Also, it could be integrated with a 
microcontroller to further light LEDs, if the paper-based nanogenerator has been pressed, showing 
the application of a touch-based sensor. This concludes the section on transforming paper into self-
powered sensors. In the next section, fluid based self-powered active sensors are discussed. 
 
Figure 18. Origami Based TENG with Applications as a Voting Counter. a) applying the 
Yoshimura fold as a vote button. b) Embedded circuitry showing microprocessor connected with 
TENG and a LED strip. c) logic flowchart for sensing technology. d) Photograph showing as the 




2.4 Self-Powered Fluid Sensors 
2.4.1 Aeroelastic Flutter Based Nanogenerator for Self-Powered Active Wind Speed Sensor 
 Recently, the interaction of a flag and a rigid plate as a powerful vibration source for TENG 
has attracted much attention for wind energy harvesting and self-powered active wind based 
sensors.49, 107-112 Furthermore, in these previous works, they used output current peak to detect the 
wind speed, as in normal operating conditions, there is a linear relationship between output current 
peak and wind speed, as current is proportional to frequency and charge density. However, the 
electrical output of TENG, the charge density, is found to be influenced by high humidity, which 
would cause the current output to change.49 Thus, new approaches are needed to improve the 
sensitivity and to lower the wind speed that the fluttering membrane starts to flutter. 
Figure 19. Experimental Setup of Aeroelastic Flutter TENG.50 
In this work, a simple but practical design for an aeroelastic flutter based TENG, as shown 
in inset of Figure 19,50 that could serve as a wind speed sensor by measuring the fluttering 
frequency instead of measuring the output voltage/current shown in previous reports.49 The 




propylene (FEP) membrane (with thickness of 25.4 μm, length of 3 cm, and width of 1.8 cm) in a 
cuboid acrylic channel, as shown in Figure 19. When wind blows inside the tunnel, the thin FEP 
membrane would oscillate, and it would contact the copper electrode. Thus, it is capable in 
producing electricity by contact electrification and electrostatic induction, by repeated contact on 
the FEP electrode. It is necessary to note that FEP is one of the widely used electron withdrawing 
material for triboelectric nanogenerators, and it usually has a higher output performance compared 
to PTFE based films.113 
The  wind speed was set at 10.8 m/s from the blower in Figure 19 and the output 
performance was at different humidifies, which was changed by a commercial humidifier 
(TaoTronics Ultrasonic Humidifier) connected into the wind tunnel. The effect of relative humidity 
of AF-TENG performance was investigated by varying the relative humidity from 45% to 95%. 
Compared to that measured at humidity of 45%, the current and voltage output, which are 
measured by Kiethley 6514 electrometer, decreased by nearly 90% at humidity of 95%, due to the 
charge density on the membrane surface decreases dramatically at high humidity, as shown 
in Figure 20a and Figure 20b. However, humidity has no effect on fluttering motion of the 
membrane; thus, the corresponding fluttering frequency is independent to humidity, as shown in 
Figure 20c. Such finding proves that the fluttering frequency is a much more proper value to be 
used as the key parameter to detect the wind speed rather than average current output peaks used 
in previous study.49 Thus, one could calculate the wind speed from frequency, as the frequency is 
directly related to the wind speed, as the higher wind speed, would cause faster vibrations, which 




Figure 20. Effect of Humidity on Output Performance of Aeroelastic Flutter TENG. a) Output 
current with respect to relative humidity. b) Output voltage with respect to relative humidity. c) 
Measured frequency with respect to relative humidity.50 
To test the performance of the aeroelastic flutter TENG as a wind speed sensor, the real-
time speed of the aeroelastic flutter TENG TENG and a commercial hot-wire anemometer (Testo 
405i) were compared, as shown in Figure 21a. The wind speed of the blower was manually 
changed, with an increase of 0.8 m/s every 20 s until the wind speed reached the maximum at 9.4 
m/s. Then, the speed was decreased with a decrease of 0.8 m/s every 20 s until the wind speed 
reaches 2.2 m/s. The output voltage signal from the TENG was then measured and the real-time 
frequency f is obtained from the real-time voltage output of the aeroelastic flutter TENG 
with  L=3cm using short-time Fast Fourier Transform (FFT), as shown in Figure 21b. Then, the 
wind speed U is obtained using the relationship between the frequency of the electrical signals 
e.g., voltage, and incoming wind speed, i.e.,  U = 0.13f. This equation was calibrated before by 
doing measurement of output signals of the aeroelastic flutter TENG. Thus, Figure 21c shows the 
relationship of the wind speed obtained by aeroelastic flutter TENG by utilizing this equation and 
output frequency of TENG, which is shown in Figure 21b. The wind speed obtained by both 
aeroelastic flutter TENG and the hot-wire anemometer agrees well, as shown in Figure 21c for 
both increasing wind velocity and decreasing velocity. This demonstrates that the aeroelastic 





Figure 21. Application of Aeroelastic Flutter TENG as a Wind Velocity Sensor. a) Photos of 
the real time velocity measurement using aeroelastic flutter TENG sensor and a commercial 
sensor. b) Short time FFT frequency vs time with increasing speed from 0 to 200 s. and decreasing 
speed from 0 to 200 s. c) Comparison of aeroelastic flutter TENG wind speed sensor and 
commercial wind speed sensor with increasing speed from 0 to 200 s.50 
 
In this work, a simple but practical design for an aeroelastic flutter TENG that could serve 
as an active wind speed sensor by measuring the fluttering frequency instead of utilizing the output 
current/voltage is performed. With this change, it could measure wind speed even at high humidity 
environments, where previous reports of wind sensors could not achieve, due to the previous 
reports use output current, which is dependent on the environment. Also, the real-time wind speed 




commercial sensor with the speed sensitivity of about 0.13 m/s was utilized as the correlation 
between wind speed and frequency. The next section would discuss a self-powered fluid sensor 
that is able to sense the properties of water waves, such as the water wave height. 
2.4.2 Liquid Solid Interfacing Triboelectric Nanogenerator for Wave Sensing 
Wave monitoring is essential for marine engineering construction, development and 
utilization of ocean resources, maritime safety and early warning of marine disasters. Commercial 
wave monitoring techniques include water wave rider buoys, acoustic Doppler current profilers, 
and high frequency radar and remote sensing.114 These commercial wave monitoring techniques 
are mainly applied for routine monitoring of waves and currents in offshore and nearshore 
regions.115, 116 To enhance the environmental sensing ability of smart marine equipment, it is 
important to develop a highly sensitive and self-powered wave sensor to monitor the interaction 
between ocean wave and marine equipment, such as offshore platforms and ships. Thus, in this 
work, a novel wave sensor based of liquid-solid interfacing triboelectric nanogenerator is 
fabricated and investigated.  
 A schematic diagram of this wave sensor TENG for monitoring waves around marine 
equipment, such as a marine platform, is shown in Figure 22a. The long nanogenerator installed 
on the legs of the platform can precisely sense the instantaneous water height when ocean waves 
contact the nanogenerator’s surface. The wave sensor TENG is comprised of a long rectangular 
copper electrode covered by a PTFE film, as shown in Figure 1b. When water height rises, as 
shown in 1b<i>, positive charges would be induced in the solution to neutralize the negative 
charges in the PTFE surface; furthermore, when water leaves the PTFE surface, as shown in 
22b<iii>, positive charges would be transferred to a ground electrode in order to balance the 




to the water height, allowing this device to be an instantaneous wave height sensor. Figure 1c 
shows data of when the wave sensor TENG is connected to a linear motor, and as the linear motor 
drives the substrate vertically up and down into water. The width of the electrode on the TENG is 
10 mm. With the linear motor driving the wave sensor TENG up and down into the water, there 
would be an output open-circuit voltage signal that is measured by Keithley 6514 electrometer. In 
Figure 22c, it could be seen that as there is an linearly increase in height, there would be an linearly 
increase in the output voltage, showcasing this device as a wave height sensor. The sensitivity was 
then calculated by VOC=kH, in which k represents the sensitivity of the sensor. The sensitivity 
comes out to be 23.5 mV/mm with this device with the electrode width of 10 mm. If the width is 
changed, the sensitivity of the device would be also changed, as the sensitivity is dependent on the 
contact area of the TENG and the water surface. If the contact area is increased by increasing the 
electrode width, the sensitivity factor would also increase. 
 
Figure 22. Structure, Mechanism, and Performance of Wave Sensor. a) Structure of wave 
sensor TENG on water platform. b) Mechanism of wave sensor TENG. c) Voltage vs time of wave 
sensor at different heights.117 
 
Thus, in this a work, a novel wave sensor based on liquid-solid interfacing TENG is 
proposed.117 The effect of wave height is found to be proportional to the output voltage peak; thus, 
allowing this liquid solid interfacing TENG to be a wave sensor. The measured sensitivity of this 




also discuss about fluids, especially water’s effect on TENG, but I would mainly focus on it for 























CHAPTER 3. TENG AS ENERGY HARVESTER 
One major application for triboelectric nanogenerator is for it to be used as an energy 
harvester that is able to scavenge energy from ambient environment and use the harvested electrical 
energy to drive electronic devices. Based on recent studies, the main advantage of TENG over 
previous energy harvesters, in particular, electromagnetic generators (EMG) is its effectiveness in 
harvesting low-frequency (<5 Hz) vibration energy.51, 118 Recently, Wang proposed the concept of 
using TENG networks for harvesting kinetic energy of water waves towards the dream of large-
scale blue energy.43 In this section, I would introduce couple works of utilizing TENG for harvest 
energy from ocean waves, and demonstrate a new method to improve the TENG’s efficiency in 
harvesting from ocean waves, that involves mitigating an electrostatic screening effect. 
Furthermore, for TENG to harvest energy effectively and deliver maximum power to a load, the 
load impedance of the energy harvester needs to decrease, as it is currently too high for powering 
most electronic circuitry. Thus, another work is demonstrated to lower the impedance of the TENG 
when harvesting ocean waves by constructing multi-level based triboelectric nanogenerators. 
Furthermore, I would further investigate the electrostatic effect on different substrate material in 
freestanding mode TENG, and it is found that the substrate material that had the smallest dielectric 
constant had the highest performance. Another research field is for a TENG to be used as a 
wearable energy harvester, so that it could harvest energy from body motions and use the harvested 
energy to power wearable sensors. Also, in this section, I would introduce a novel work to 
effectively harvest energy from body motion by utilizing a hybrid EMG-TENG device and 






3.1 TENG for Harvesting Ocean Waves 
 The energy harvested from the ocean is regarded as an important renewable and clean 
energy source, which has been estimated to be over 75 Terawatt totally around the world.1, 119, 120 
Ocean energy is typically regarded as having five specific forms, i.e., tidal energy, water wave 
energy, ocean current energy, temperature gradient energy, and salinity gradient energy, among 
which ocean wave energy referring to the kinetic and potential energy from ocean surface waves. 
The global power of waves breaking around the coastlines worldwide have been estimated to be 
around 2-3 TW.120 Thus, wave energy has become one of the key directions of ocean energy 
development.  However, it has rarely been exploited due to the lack of economical energy 
scavenging techniques.121 
Currently, harvesting energy from the ocean wave starts with extraction of wave energy, 
and the wave motion is first translated into linear or rotational mechanical motion, and then relies 
on EMG to generate electricity from the produced mechanical motion.122, 123 Major drawbacks of 
utilizing EMG includes that it requires a permanent magnet, which makes the device heavy, bulky, 
and costly. Also, the heaviness of the structure would increase the structure’s damping factor, as 
it would require a larger wave to move the structure, causing most of the energy to be not 
effectively harvested. Furthermore, the coils and magnets easily suffer saltwater corrosion and 
turbines have low efficiency in harvesting low-frequency energy, such as ocean waves, which are 
typically less than 1 Hz. Also, EMG generates a relatively low amount of voltage, which would 
require the electric signal to pass through a transformer to mitigate power losses from low voltage 
transmission. Due to these drawbacks, current ocean wave energy utilizing electromagnetic 





Figure 23. Performance of Nanogenerator in Presence of Air and in Water. a) Schematic 
diagram of the fabricated conventional TENG without packaging using two insulator materials. b) 
Measured output voltage and current of TENG in air. c) Measured output voltage and current of 
TENG in water.124 
Thus, the TENG could provide a new strategy for wave energy conversion and have huge 
potential toward large-scale blue energy harvesting from the ocean. Also, previously TENG has 
been showed to have the lowest levelized cost of electricity (LCOE) compared to all energy 
harvester.125 Thus, if one could use TENG to harvest ocean wave energy has direct commercial 
value due to its low cost in producing electricity. However, the main challenges for TENG for 
wave-energy harvesting is the effectively packaging of the structure, and also eliminating a water 
electrostatic shielding effect, which I have discovered in one of the works, which I would explain 
below. For effectively packaging a structure to harvest energy from harsh environment, Yang et al 
first fabricated a conventional TENG, which consists a Cu film as a top electrode, a PTFE film, a 
PA film and a Cu film as the bottom electrode, as shown in Figure 23, and showed that in air, the 




the same TENG was placed in water, there was no observed output voltage or current signal as if 
water have infiltrated the TENG. This work then further showed that the device needs to be fully 
packaged, for it to work in harsh environments, such as for harvesting energy from water waves. 
The authors have further stated that the humidity from water have a direct effect on TENG’s 
performance, as water molecules is able to take away triboelectric charges. Investigating the effect 
of causing low output voltage signal would be the priority of the next section, in which I would 
discuss about a rationally designed sea snake TENG for effectively harvesting ocean wave energy 
and harvesting the ocean wave energy with a minimized water screening effect.126 
3.1.1 Rationally Designed Sea Snake TENG For Effectively Harvesting Ocean Wave Energy with 
Minimized Water Screening Effect 
3.1.1.1 Harvesting Ocean Wave Energy with Miniaturized Electrostatic Screening Effect 
 Even though humidity has a direct negative effect on the TENG, it was not the only effect 
that have a negative effect on the TENG’s performance. Another effect that I’ve explored was the 
electrostatic shielding of TENG, which could drastically reduce the output voltage of the TENG 
when harvesting in ocean environment. In this work, a sliding-mode freestanding TENG in a fully 
packaged structure was designed to explore the effect of electrostatic shielding in a TENG device 
in a simulated ocean environment.126 To explain the electrostatic shielding effect of the TENG, 
one has to look into the theory of the triboelectric nanogenerator. By looking into the theory of 
TENG proposed by Niu et al,9 the TENG acts as a capacitive device explained by Equation 5 
below, 
                                                                   𝑉45 =
612789
5;




in which VOC is the output open-circuit voltage of the TENG, Qtribo is the charge on the dielectric 
layer, and C0 is the capacitance between the two electrodes, which is assumed constant for sliding-
mode freestanding TENG with a dielectric as a mover. The capacitance between the two electrodes 
is dependent and proportional on the dielectric constant of surrounding medium. Since water has 
a much higher dielectric constant (~70) compared to air (~1), when a sliding mode freestanding 
TENG device is placed and tested in water environment, C0 would greatly increase, and since Qtribo 
is the same, the open-circuit voltage would greatly decrease, leading to a much less energy 
harvested, and a lower efficiency.126 To first verify the effect, COMSOL Simulation were done at 
two conditions, one with the TENG device have an airgap and another with the TENG device 
having no airgap, and the only separation between the TENG device and water is acrylic. The 
COMSOL Simulation, shown in Figure 24, showed that with an airgap, the voltage remained high, 
at 300 V peak to peak, whereas without an airgap, the voltage was low, at 60 V peak to peak, 
verifying the effect of electrostatic shielding of TENG from the water. Furthermore, by utilizing 
COMSOL simulation, the effect of air gap in three different structures with different length of 
electrode L and gap between the electrode d placed in a water environment was investigated, and 
it is found that increasing the length of electrode exhibits a larger reduction in output voltage, and 
also increasing the gap between electrode also exhibits a larger reduction in output voltage, as 





Figure 24. Finite Element Simulation showing the Effect of Air Gap on the Device’s Output 
Voltage. a) Finite element simulation with electrodes having no air gap above water. b) Finite 
element simulation with electrodes having 2.0 cm. air gap above water.126 
 
Figure 25. Finite Element Simulation showing the Effect of Length of Electrode L and Gap 
between Electrode d on the Device’s Output Voltage.126 
Not only simulation was performed, experiments were performed to further verify this 
effect. For the setup of the experiment, a freestanding mode TENG shown in Figure 26 is tested. 




structure. The structure is fully packaged, so no water could enter the interior acrylic structure, 
where the PTFE Balls and copper electrode are located. The mechanism showing how this TENG 
work is shown in Figure 27, and it is based on a freestanding mode TENG. Under an external 
triggering, such as a water wave move across the acrylic structure, the acrylic box would bend due 
to the curvature of the incoming water wave. In turn, the inner acrylic box consisting the TENG 
would be inclined, causing the balls to roll down the nylon film. After the first contact between 
the PTFE balls and the film, the PTFE balls would become negatively charged due to contact 
electrification with the thin film. While the balls are sliding down, they would induce positive 
charges on the bottom left electrode, shown in Figure 27d, which would produce a current to flow 
onto the upper electrode. Furthermore, after the water wave move past the acrylic structure, the 
structure would be inclined in the other direction. This would allow the PTFE balls to roll down 
in the other direction, which would produce electricity in the bottom right electrode, producing a 
net current in the opposite direction. Overall, this design is a freestanding rolling mode triboelectric 
nanogenerator, as the balls act as a dielectric layer above the electrodes, and due to the movement 
of the balls, there exist a charge transfer between the electrode.  
 
Figure 26. Structure of Freestanding Mode TENG with Air Gap126 
The device shown in Figure 26 was placed in a plastic container that is filled with 2 cm tall 
of tap water. The container was then placed on a rotational shaker with operational frequency of 




rotational shaker was placed at the maximum amplitude setting. A systematic study was done with 
the air gap height of the structure changed from 0 cm. to 1.5 cm. by adding spacers in between the 
bottom acrylic and the acrylic holding the freestanding mode TENG, and the output open-circuit 
voltage and transferred charge are measured. Figure 28a shows that when the device is operating 
in water, the output voltage decreases to only 20 V if no air gap is present, as shown on bottom 
inset of Figure 28a. With an increasing air gap, the output voltage increases as well. Once an air 
gap is added onto the structure with a height of 1.5 cm, the voltage of the air gap structure remains 
the same as the device when operating in ambient air conditions, which has the peak to peak value 
of 250 V, as shown in top inset of Figure 28a. Also, it is important to note that in Figure 28b, the 
short-circuit output charge is the same and independent with regards to the air gap. The results 
matched identically with the simulated results.  
 
 





Figure 28. Effect of Air Gap on Open-Circuit Voltage and Transferred Charge. a) Effect of 




Figure 29. Comparison of Resistance Curves in Water and in Air. a) Comparison of actual 
voltage/Voc with different resistance with TENG with no air gap in air and in water. b) 
Comparison of output power with different resistance with TENG with no air gap in air and in 
water.126   
To also demonstrate the effect, since the internal capacitance increase due to the presence 
of water without an air gap, there would be a large decrease in the impedance of the nanogenerator. 
This is because of Equation 6 below, as the impedance of the nanogenerator, Z, is inversely 
proportional to the internal capacitance of the TENG when operating at the same frequency. 
                                                        𝑍 = A
EFG5;




To evaluate the impedance of the nanogenerator, the voltage across the resistor was 
measured. The voltage across very small resistance would be low, and it would increase once the 
resistance is high, as shown in Figure 29a. The relative voltage is displayed here, as the calculated 
voltage divided by open-circuit voltage, due to the large difference in output potential when the 
device is placed in water. Furthermore, the power is measured by Equation 7 below, and the power 
would increase at low resistance due to the increase of the voltage across the resistor, and at higher 
resistance, the power would decrease with respect to resistance, due to the voltage would be 
constant. 
                                                                          𝑃< =
IJK
L
                                                                  (7) 
According to the maximum power transfer theorem,127 the impedance of the nanogenerator 
could be evaluated at the resistance when the power is the maximum, as the maximum power is 
transferred when the load resistance matches the generator impedance. Thus, from Figure 29b, 
with an air gap, the impedance of nanogenerator is calculated to be 660 MOhms, whereas without 
an air gap, the impedance of the nanogenerator is only 60 MOhms. This proves the fact that without 
an air gap structure, there would be a low voltage due to the increase of capacitance from the water 
screening effect, as seen in Equation 6, as the internal resistance had decreased by 11 times, 
showing that the capacitance would have increase by 11 times. This demonstrates the order of 
increase in the triboelectric nanogenerator’s capacitance due to the dielectric shielding effect from 
the water. Also, there is a significantly lower output power when the device is in water if no air 





Figure 30. Comparison on Effect of Salinity on Structure Without and With an Air Gap. a) 
Effect of Salinity with an Air Gap. b) Effect of Salinity without an Air Gap.126 
 
Also, since the device needs to be operated in ocean environment, the effect of salinity, 
concentration of salt in water, on the electrical output is also observed with a device that has an air 
gap of 1.5 cm. and a device without an airgap. The electrical performance of the device with an 
air gap showed the same output voltage (260 V) when the device is placed in saltwater at different 
concentration from 0 M to 0.6 M, as shown in Figure 30b. The latter concentration is used, because 
it is the concentration of salt in the ocean. However, with the air gap, the device degraded when 
adding more salt in the water, as the output in only water is around 40 V, and at 0.6 M, the device 
output voltage decreased to only 15 V, as shown in Figure 30a, showing the device with an air gap 
is useful in scavenging energy from the ocean wave, while the device without an air gap’s 
performance would decrease with increasing salt concentrations, due to the increase of dielectric 
constant in salt water compared to deionized water.  
Thus, in summary of this work, the electrostatic screening effect was explored in detail in 
both simulation and experimentally, and it is considered a negative effect for harvesting ocean 
energy. It occurs when a freestanding mode TENG lies too close to water, and since water has a 
high dielectric constant, the output voltage of the freestanding mode TENG would be considered 




it is operating in ambient air conditions. The capacitive model by looking at impedance was also 
explored, and it further verifies this effect of electrostatic screening. 
3.1.1.2 Increasing Output Power of Air Gap Structure with Springs and Application of Sea Snake 
TENG 
 
Even though this work first demonstrates the effect of electrostatic screening when 
harvesting from ocean waves, it is considered a negative effect, as with an air gap structure, a 
larger volume is needed, which would decrease the volumetric power density harvested of the 
device. Thus, it is necessary to use the space of the air gap to increase the performance of the 
device. The platform placed on ocean will incline at an angle q due to the curvature of the wave. 
For the TENG box directly placed on the platform, the inclination angle of the TENG element is 
j. For the TENG box being fixed on the platform with the spring, the inclination angle of the 
TENG box as j  resulted from the ocean wave was denoted. An evaluation of the inclination angle 
of the platform q is compared to the inclination angle of the TENG element j is shown in Figure 
31a. Also, a stainless-steel mass weighing 0.4 kg. was further added on top of the acrylic box 
structure. containing the PTFE balls and electrode to increase the rotational angle of the device, as 
well as lowering the resonant frequency. For the TENG box connected with the spring, its 
inclination angle can be evaluated with the spring-mass system, as shown in Figure 31a. Under the 
harmonic excitation of the ocean wave with , the inclination angle of the TENG of the 
box can be written as . The  and  are the maximum amplitude of the inclination 
angle. With the energy conservation equation, the equation of motion of TENG could be easily 
derived, as shown in Equation 8 
                                            𝑚𝑙Ej̈−𝑚𝑔𝑙𝑠𝑖𝑛	j	 + k(j− q) V1 − q̇
j̇
Y = 0                                  (8)                                            
0= sin tq q w




 where g is the gravitational acceleration, and the over dot denotes the time differentiation. 
According to the real experiment, the inclination angle j is not too large. Thus, by simplifying the 
Equation 8, the following nonlinear relationship below, as shown in Equation 9, is obtained, 
                                                                    = A
A[ ww\
]^(A_`a )
                                                      (9) 
where is the natural frequency of the spring-mass system. It can be seen that the 
amplitude of the inclination angle mainly depends on the TENG’s mass, the spring’s stiffness and 
length. Thus, by using Equation 9, Figure 31b was derived using m=1.8 kg., l=1.25 cm, and k=0.8 
N/m at different oscillating frequencies, and it shows that the  is greater than  , showing the 
increase in inclination angle with the addition of the added tampered spring. 
 
Figure 31. Physical model of TENG with Attached Spring and ANSYS Simulation. a) Physical 
model of TENG with spring and ANSYS simulation showing ϕ dependence on θ. b) The simulated 
result of rotational angle of device with spring to original rotational angle.126 
Figure 32a shows the experimental data of the performance of the TENG with and without 
a tampered spring under the actuation of the rotational shaker. With the tampered spring, the 
performance was enhanced by 350% at a rotation angle of 2 degrees This is due to, without the 
tampered spring, the balls could not slide down the slope all the way, at a low inclination angle of 
the TENG element, and with the tampered spring, the entire structure is able to be inclined at a 
0j
0q





high inclination angle and the balls are able to easily roll down and is able to have a higher 
maximum velocity. Also, it is important to know that without the spring, the device’s output 
voltage would always be increasing as the inclination angle of the entire device increases from 2 
degrees to 45 degrees by increasing the maximum rotational angle of the shaker. This is because 
the balls are able to slide down easily at higher inclination angle. For the device with the spring, 
the device’s output voltage is nearly constant for inclination angle of the entire device above an 
inclination angle of 20 degrees, whereas for the device output without the tampered spring, the 
performance decreases always with decreasing rotational angle, as shown in Figure 38c. This 
means that below 20 degrees, the inclination angle of the TENG element is still increasing due to 
the restoring force on the tampered spring, and above 20 degrees, the inclination angle of the balls 
stops increasing, and the balls reached its maximum terminal velocity. Overall, this shows that the 
use of the tampered spring exhibit much better performance than without a spring, especially at 
lower inclination angle. 
Figure 32b shows the output charge on the device when the ball is moving at the maximum 
inclination angle of the segment at 450. The output voltage increased by nearly 150%, from 75 V 
to 112 V. Figure 32c shows the output power of the device with the spring and comparing the 
output power of the device without the spring at the maximum inclination angle of 450, and the 
output power is able to increase from 100 µW to 600 µW. This is because both charge and voltage 
increased with the addition of the tampered spring, which contributing to a higher power. Also, 
the power with the spring is at a lower resistance, thus increasing the power, as P=V2/R. Also, the 
maximum power occurs at a lower resistance; this means that the instantaneous frequency of the 
balls moving down would increase, which is expected, as the balls were able to move down at a 




charging a 100 µF capacitor was studied, and with the spring, the capacitor was able to charge to 
a maximum of 3.5 V in 5 minutes, while without the spring, it can charge up to only 2.5 V in 5 
minutes as shown in Figure 32d. 
 
Figure 32. Comparison of TENG With and Without Spring. a) Comparison of TENG 
with spring and TENG without spring on voltage vs rotational angle. b) Charge vs time of TENG 
with spring and without spring at rotational speed of 30 rpm. c) Comparison of output power with 
different resistance with TENG with TENG with Spring and without spring. d) Charging a 100 μF 







Figure 33. Applications of the SS-TENG. a) The placement of the SS-TENG in the water 
environment with a linear motor actuating the water waves. b) The Voltage vs time of one segment 
with respect to different number of segments of the SS-TENG with attached tampered spring. c) 
Lighting up 152 LEDs in the words “Blue Energy Dream” with SS-TENG with attached tampered 
spring. d) The charging profile of a 100 µF capacitor by the SS-TENG in water. e) The application 
of driving and powering the humidity sensor with SS-TENG with attached tampered spring.126  
 
 To show some practical use of the nanogenerator, three segments of sea snake TENG with 
the attached tampered spring was then placed in a homemade water tank made with acrylic glass. 
The Sea Snake TENG (SS-TENG) with the attached tampered spring was used due to its superior 
performance. The tank was filled with three segments in of tap water. On one end of the tank is an 
acrylic plate, shown in Figure 33a, that is attached to a linear motor. The linear motor is able to be 
moved in a periodic motion with displacement of 8cm and acceleration of 2 m/s2 to produce 
periodic water waves. The Sea Snake TENG device, which is show in the inset of Figure 33a, in 
response to the periodic water waves would move up and down. It is important to study the effect 
of number of segments on the output voltage of the device, because the added springs are able to 




motion of the device, creating a coupled structure. This is shown in Figure 33b, as with taken from 
the output of one segment of the TENG, the output voltage is only 55 V, whereas with 2 and 3 
segments connected, the output voltage is greatly enhanced to 160 V, and this is due to the spring 
force by adding the springs. The maximum angle of the large box under the horizontal motion of 
water waves is around 10 degrees, and the output voltage could be expected to be lower under 
shaker actuation, in which the applied angle is 45 degrees. Also, due to the periodic motion, the 
balls would be able to slide back and forth, producing a high voltage. The voltage was able to light 
152 LED lights connected in series, which showed the phrase “Blue Energy Dream” as shown in 
Figure 33c, and this was done without the use of a capacitor to help with the energy accumulation. 
Also, the effect of charging the capacitor is explored, and one device is able to charge a 
100 µF capacitor in to 2 V in 10 minutes, which took longer time than in Figure 32d, due to the 
decrease in the inclination angle, as the box is only able to incline by 10 degrees and the less impact 
of the wave on the device. The diagram for the circuit to charge the capacitor is show on the top 
left of Figure 33d, in which there was a rectifier to only allow current to flow in one direction 
connected to the SS-TENG, and then it was connected to the capacitor. Then, to power the 
humidity sensor, 2 V was required, and the capacitor was able to successfully power the 
temperature and humidity sensor, which is shown in Figure 33e. 
In summary of this work, a nanogenerator based of Pelamis wave energy converter was 
designed, using balls that are able to move with the structure of the sea snake. The device was 
utilized to verify the electrostatic shielding of TENG in water, in which when a triboelectric 
nanogenerator is placed next to water, there would be a large decrease in the electric potential of 
the device. Thus, to address the problem, the device needs to have an air gap, and with the air gap, 




conditions. This work further demonstrates how one to design freestanding mode triboelectric 
nanogenerators for harvesting ocean waves. Due to the air gap have a negative effect on the output 
power density, tampered springs have been added to fill the air gap to increase the operating angle 
of the device, and the device could rotate under low actuation angles, up to 2 degrees. The 
nanogenerator was then placed in water, and it was able to light up 152 LED lights in water, with 
the air gap structure, allowing the high output voltage in simulated ocean conditions. The next 
section would explain how I could further enhance the output performance of the sea snake 
triboelectric nanogenerator by utilizing multiple layers. 
3.1.2 High-Power Tower-Based Nanogenerator with Low Intrinsic Impedance for Harvesting 
Arbitrary Direction Water Wave Energy  
One important aspect of energy harvesting is how could one improve the power density 
that is harvested from the device. For TENG, one necessary goal is to lower the output impedance 
of the nanogenerator, as most current electronic device’s impedance is low, and the 
nanogenerator’s impedance must match the electronic device’s impedance for maximum power 
transfer, based on the Maximum Power Transfer Theorem.127 In this work, a tower-like 
triboelectric nanogenerator (T-TENG) is designed and systematically investigated, and it is an 
extension to the previous sea snake nanogenerator work, in which I wanted to show that with more 





Figure 34. Schematic of Single Section of SS-TENG on Rocking Platform.126  
First, before looking into the structure of this T-TENG, I wanted to provide some more 
background of this project, and this work is based on a data from previous work that is 
surprising.126 The freestanding mode triboelectric nanogenerator (single section of SS-TENG) 
from the previous section in was tested in ambient conditions with a rocking platform, as shown 
in Figure 34, moving the SS-TENG at a frequency of 0.5 Hz for a simulation of open wave 
movement condition. This single section of SS-TENG currently has N number of layers, and the 
number of layers effect on the TENG was measured. Each layer refers to the effect of the previous 
layers included, as they are measured in parallel. The open circuit voltage, short-circuit current, 
and short-circuit charge were measured with different layers connected in parallel. All three signals 




Figure 35. Effect of Layers on Sea Snake Nanogenerator Output Performance a) Open-circuit 
voltage vs time with dependence on different layers connected in parallel. b) Transferred charge 
vs time with dependence on different layers connected in parallel. c) short-circuit current vs time 
with dependence on different layers connected in parallel.126 
For voltage to increase with number of layers connected in parallel is contradictory, as one 
is usually taught that if you have components in parallel, the voltage should actually decrease with 
more components or roughly the same in parallel, as connecting comments in parallel would not 
cause an increase in voltage. Thus, by looking into the previous circuit model of TENG, as shown 
in Figure 1c of Section 1.3, a new circuit model to fit the design of two TENGs connected in 
parallel in an attempt to explain this finding was established. The elements of the multimeter, 
which has a capacitor that could be assumed with capacitance of 0.3 nC., was included. This was 
based on a previous work, which showed when measuring the open-circuit voltage, the capacitance 
of the meter is 0.3 nC.57 This circuit model is shown below in Figure 36. It is important to note 
that C1 and C2 are not position variant capacitances, because in a freestanding mode case, with the 
mover as a dielectric, it is assumed that capacitance are independent of mover’s position.9 Thus, 
from this circuit model, the open-circuit voltage of just 1 layer could be calculated by Equation 8. 
Furthermore, with the open circuit voltage of two layers could be found by Equation 9, based on 
the assumption that C1 and C2 are the same and Qsc,1 and Qsc,2 are the same, due to the two layers 















                                                       (9)
 
Figure 36. Circuit Diagram of SS-TENG with Two Layers Connected in Parallel.126 
The case that voltage of two layers would hold always greater than the voltage of 1 layer 
would hold true for any values of Qsc,1 and C1, proving the fact that the measured open-circuit 
voltage would increase with multiple layers in parallel. With this, questions were asked of whether 
the current could also increase with the number of layers, and if the current increase, then we could 
show there would be an increase in the power density, which would be the aim of this new work. 
Thus, a T-TENG consists of multiple units in one block, and each unit is made of 
polytetrafluoroethylene (PTFE) balls and a three-dimensional (3D) printed arc surface coated with 
melt adhesive reticulation nylon film, as shown in Figure 37a and Figure 37b.128 The power 




be fully packed in one block to harvest arbitrary directional wave energy and solve the effect of 
humidity and dielectric screening at the same time.  
 
Figure 37. Structural Design of the T-TENG. a) Schematic diagram of the designed T-TENG 
consisting of multiple units. b) The internal structure of one unit and the nylon film coated on the 
3D printed arc surface.128 
 






Figure 39. Electrical Performance of T-TENG with Number of Layers in Parallel128 
To harvest wave energy more effectively, a T-TENG consisting of multiple units 
connecting in parallel in one tubular block is designed, as shown in one tubular block is designed, 
as shown in Figure 38a. Due to all PTFE balls moving in the same phase, it is unnecessary to 
utilize rectifiers for connecting units. The T-TENG could be treated as a current source with a 
TENG’s capacitance in parallel and power marine sensors with just one rectifier. This is based on 
applying Norton’s theorem on the circuit shown in Figure 1d. The equivalent simplified circuit of 
the T-TENG without taking regard to the TENG’s capacitance is shown in Figure 38b. Also, the 
circuit with taking regard to the TENG’s capacitance is shown in Figure 40a From the equivalent 
circuit, the current (IT-TENG) of T-TENG with N multiple units in parallel can be regarded as N 
times relative to the current of one unit (I1), which is shown in Equation 10 below. 
                                                𝐼k[k'lm = ∑ 𝐼o = 𝑁𝐼AloqA                                                   (10) 
 Thus, the voltage (VT‐TENG) across the resistance (R) of the T- TENG is also found to be 
N times relative to the voltage (V1) of one unit, as shown in Equation 11 below 




 To verify this, experiments were performed. To simulate ocean like conditions, the T-
TENG was placed on the linear motor with a swaying motion of a frequency of 2 Hz. The voltage 
across the resistance, short-circuit current were measured with different number of units connected 
in parallel. Both  increased with increasing the number of units, as shown in Figure 39a and Figure 
39b. It is worthwhile to note from the result shown in Figure 35a from sea snake based 
nanogenerator, only Voc previously increased with the numbers of layers; now, it is clear that also 
voltage across a resistor and short-circuit current also increased with the number of layers. 
Furthermore, the power density could be obtained by Equation 12 below,  






= 𝑁𝑃A                                         (12) 
where A1 is the area of the device, and P1 is the power density of one TENG unit. From Equation 
12, it demonstrates that the power density is proportional to the number of units in parallel. Thus, 
if there are more units in parallel, the larger power density could be harvested, which shows it 






Figure 40. Circuit Model to Evaluate N TENGs in Parallel, and Schematics Showing N 
TENGs in Parallel Decrease Load Impedance. a) Circuit Model with N TENGs in parallel. 
Dependence of the output voltage and current, and power density for T- TENG with (b) 1 units, 
(c) 4 units, (d) 6 units, (e) 8 units, (f) 9 units, and (g) 10 units on the resistance of the load.128  
Also, with more triboelectric nanogenerator in parallel, the internal impedance of the 
nanogenerator would decrease, which is beneficial for the nanogenerator to power low impedance 
electronic device. This is due to each nanogenerator is a capacitive device, in which the TENG is 




circuit, the capacitance (CT-TENG) of T-TENG with N multiple units in parallel can be regarded as 
a single capacitor with N times relative to the capacitance of one unit (C1), which is shown in 
Equation 13 below. 
                                                         𝐶k[k'lm = ∑ 𝐶o = 𝑁𝐶AloqA                                                            (13) 
Since the impedance of the nanogenerator (ZT-TENG) is inversely proportional to the capacitance, 
the impedance would decrease with more layers connected in parallel, as shown in Equation 14, 
where f is the operational frequency of the device. 





                                                           (14) 
 The power density reaches maximum value when the external resistance equals the internal 
impedance. From Fig 40b-g, the internal impedance of the TENG initially with 1 unit is shown to 
be at 200 MOhms, whereas for 10 units in parallel is shown to be 30 MOhms, representing a large 
decrease in impedance, verifying Equation 14. As well from Figure 40b-40g, it was found that the 
power density of the T-TENG also increases with the number of layers, in which at 1 layer the 
power density is at 1.1 W/m3, whereas at 10 layers, the power density is at 11 W/m3. This is 
consistent with the prediction of Equation 12, which shows the power density is proportional to 
the number of layers.  
In this present work, a design of triboelectric nanogenerator based on a tower structure is 
proposed and investigated. The T-TENG can effectively convert arbitrary directional and low-
frequency wave energy into electrical energy by utilizing charged PTFE balls rolling on an arc 
surface. As all PTFE balls in one block move in the same phase and the TENG unit is treated as 




connected in parallel. This shows that adding more layers significantly increase the power density 
of the nanogenerator device. Furthermore, by adding more layers, a decrease in the impedance of 
the energy harvester was observed, which is important for it to transfer power into commercial 
electronics, as most electronic devices have a low impedance. Therefore, this design of T-TENG 
provides an innovative and effective approach toward large-scale blue energy harvesting just by 
connecting more blocks to form T-TENG networks. In the next section, I would go back in 
discussing the electrostatic screening effect and relate it to how it affects solid materials instead of 
liquid. 
3.2 Effect of Different Substrate Material on TENG’s performance 
 Based on the conclusions drawn from Section 3.1.1.1 that the freestanding TENG’s output 
decreased by electrostatic shielding effect from water, the electrostatic shielding effect from 
various materials are studied in detail. In this work, a simple design of freestanding mode TENG, 
which is shown in Figure 41a, was fabricated with PTFE and nylon as triboelectric layers. The 
substrate layer was then changed between a silica aerogel (εr = 1.1), acrylic (εr = 3.4), and alumina 
(εr = 9.1). All three of the material were purchased from McMaster-Carr and are cut into 2.5-inch 
(63.5 mm.) width x 1-inch (25.4 mm.) length. The materials all had the same height of 1/8 inch 
(3.175 mm.). The aerogel was cut by utilizing scissors; the acrylic was cut by utilizing a laser 
cutter; the alumina was cut by utilizing a waterjet. The mover was constructed with an acrylic with 
a width of 1.25-inch (31.75 mm) x 1-inch (25.44 mm.) length, and a foam layer and copper tape 





Figure 41. Different Substrate Material on TENG’s Output Performance. a) Schematic 
showing the freestanding-mode TENG. b) Charge vs time comparison of the freestanding mode 
TENG with different materials. c) Voltage vs time comparison of the freestanding mode TENG 
with different materials. d) Comparison of actual voltage/VOC with different resistance with 
different materials. 
 The mover was attached onto a linear motor with actuation of 30 mm at a frequency of 
0.33 Hz. The electrical performance was then measured, and all three different substrates had a 
similar transferred charge output, which is around 72 nC, as shown in Figure 41b. This is similar 
to Figure 30a, when the gap distance between the bottom of the TENG and the water had been 
changed. It is important to note that the aerogel had a smaller charge, at around 68 nC, due to the 
aerogel is porous, making it difficult to have full contact, causing a smaller charge output. 




output open circuit voltage, it is important to note that aerogel had the highest voltage at 191 V, 
the acrylic had a moderate output voltage at 167 V, and the alumina substrate had the lowest 
voltage at 71V, as shown in Figure 41c. This is further tabulated in Table 3. Furthermore, if the 
capacitance of the TENG is assumed constant with the position of the mover, as it is with most 
freestanding mode TENG with a small dielectric constant on the mover, the capacitance of the 




− 0.31	𝑛𝐶                                            (15) 
Where 𝑄%d,[ is the peak to peak transferred charge, and 𝑉=,[ is the peak to peak open-circuit 
voltage, and 0.31 nC is known to be the capacitance that the meter (Kiethley 6514) when measuring 
open-circuit voltage. It could be evaluated that the capacitance of the TENG, CTENG for alumina 
substrate is 0.7 nF, for acrylic substrate is 0.121 nF, and for aerogel is 0.046 nF. This is further 
tabulated in Table 3. Also, similarly to Figure 45d, to evaluate the impedance of the nanogenerator, 
the voltage across a resistance was measured. The relative voltage is displayed here in Figure 41d, 
as the calculated voltage divided by open-circuit voltage, due to the large difference in output 
potential when the device is placed in water. The impedance of the nanogenerator was then 
obtained, with the impedance of alumina substrate being 88 Ω, acrylic substrate being 306 Ω, and 
aerogel being 508 Ω. This is also tabulated in Table 3. Furthermore, by using the actual voltages, 
the power was then calculated and tabulated in Table 3. It could be clearly seen from Table 3 that 
aerogel had the highest output power, whereas alumina had the lowest power, and this is due to a 























Aerogel 1.1 68 191 0.046 508 180 
Acrylic 3.4 72 167 0.121 306 143 
Alumina 9.1 72 71 0.7 88 20 
 In summary of this work, the electrostatic screening effect was evaluated by changing 
substrates of the triboelectric nanogenerator. The three substrates tested are aerogel, acrylic, and 
alumina. It was found that aerogel had the least electrostatic screening effect, and the highest 
output power, whereas alumina had the most electrostatic screening effect, which its performance 
had the lowest output power. This was due to the electrostatic screening effect is dependent and 
proportional to the substrate’s dielectric constant. This work details the first experiments done on 
the effect of substrate material on TENG’s output performance. The next section is about a hybrid 
energy harvester that is able to harvest and store energy. 
3.4 Hybrid TENG and EMG for Harvesting and Store Energy  
With an increasing development of wearable electronics and wearable IoT sensor 
networks, extensive research has been focused on how one could provide power to these sensors. 
One way involves utilizing a wearable solar cell, but then the device would only operate in 
presence of light and could not operate during night or during cloudy weather. Another solution is 
to utilize batteries; however, batteries would constantly need to be replaced or recharged. Thus, 
my group believes the best way is to scavenge wasted biomechanical energy from human 
locomotion. Triboelectric nanogenerators have been shown to effectively convert mechanical 
energies from the environment into electrical energy. However, most generators that harvest waste 
biomechanical energy generates a pulsed AC signal, which makes them unsuitable for driving 




energy generated by the energy harvesters, and then deliver direct current to power the electronic 
device. One good type of energy storage device is Li-ion battery; however, batteries have a limited 
cycle lifetime, and have known safety concerns due to toxic electrolyte and reactive Li metal. 
Meanwhile, another type of energy storage device, electrochemical microsupercapacitors, can 
offer high power and longer cycle life, making them a safe and excellent candidate to be integrated 
with energy harvesters to create a self-charging power unit to power microelectronics. 
 
Figure 42.Wearable Self-Charging Power Unit. A) Schematic diagram of the wearable self-
charging power unit. b) Charging curve showing the voltage increase of the single 
microsupercapacitor (Capacitance: 4 mF) powered by TENG.129 
Qiu et al previously reported a single self-charging power unit, which integrates TENG 
device with solid-state microsupercapacitor, as shown in Figure 42a,in order to simultaneously 
and effectively convert and store mechanical energy of human biomechanical motions into electro-
chemical energy.129 However, just utilizing a TENG, the power output is low and it took roughly 
40 minutes of continuous clapping to charge a microsupercapacitor with capacitance of 4 mF to 
0.6 V, as shown in Figure 42b. Thus, it is necessary to hybridize multiple generators together to 




harvesting bracelet is designed utilizing the cooperative operation of both EMG and TENG to 
deliver a high output performance, as shown in Figure 43.132 The harvested energy is then stored 
into an integrated electrochemical microsupercapacitor that is attached onto the bracelet to power 
electronic devices and sensors, the charging of the electrochemical microsupercapacitor could 
easily be charged to high voltages quickly with the user by engaging in daily activities, such as 
walking and running. 
 
 
Figure 43. Schematic of Energy Harvesting Bracelet132 
The energy harvesting bracelet consists of two magnetic coils for EMG, two copper tapes 




polytetrafluorethylene (PTFE) material acting as a triboelectrification layer inside the shell, and a 
power management circuit containing an RuO2 supercapacitor in the connector region. The 
fabrication process to make the bracelet is shown in Figure 44. Polyethylene Terephthalate Glycol 
(PETG) Tube (0.375 in. ID, 0.5 in. OD., McMaster Inc.) was first cut by a coping saw to have the 
length of 4.5 inches. Then, the PETG was heated by a heat gun, and placed in an ovular shaped 
mold. The resulting structure would be the PETG shape would have the similar structure as the 
ovular mold. Then, copper coils were wrapped around the side of the PETG tube with the number 
of turns equal to 1000 to fabricate the EMG element. The copper tape is then wrapped outside of 








Figure 45. Electrical Performance of the Hybrid Energy Harvesting Bracelet: a) The 3D 
schematic of the energy harvesting bracelet on top of the rocking platform, b) The output open 
circuit voltage of the EMG. c) the output short circuit current of the EMG, d) The output open 
circuit voltage of the TENG, and e) the output short circuit current of the TENG. f) The normalized 
open circuit voltage dependence on the rotational speed of the rocking platform for both the TENG 
and the EMG.132 
 
The energy harvesting bracelet operates by shaking motion while engaging in physical 
activities, such as walking, running, etc. As the bracelet is shaken by wrist motion, the magnetic 
mover would move from one end to the other, which could produce electricity by both the 
electromagnetic and the triboelectric effects.  
To test the performance of the energy harvester, the energy harvesting bracelet was placed 
on top of a rocking platform, as shown in Figure 45a. The rocking platform is used to simulate the 
wrist shaking motion at low frequencies, such as when the user is walking. Due to the magnetic 
material present inside the rocking platform, a separator is needed to separate the rocking platform 
and the energy harvesting bracelet, and to allow the mover element to move freely. The rocking 




magnetic mover element in the tube oscillates back and forth, moving from one end of the tube to 
the other due to gravitational force. The output performance for a single EMG is shown in Figure 
45b and Figure 45c, in which the peak-to-peak open circuit potential difference could reach 1.9 V, 
and the short circuit peak-to-peak current reaches 15 mA. The output performance for a single 
TENG is also measured and is shown in Figure 45d and Figure 45e. The maximum open circuit 
voltage of the TENG is measured to be 100 V, with the maximum short circuit current measured 
as 0.5 µA. It could be seen that the effect of both the EMG and the TENG are complimentary, as 
the EMG has a high output current, but a low voltage, while the TENG has a high output voltage, 
but a low current. In addition, Figure 45f shows the effect of the rotational speed on both the EMG 
and on the TENG’s performance. The EMG’s open circuit voltage decreases linearly with 
rotational speed and is related linearly to the frequency of actuation of the device.   For the TENG, 
the open circuit voltage remains constant at high rotational speed, but then starts to decrease 
afterwards.  In principle, the TENG’s output voltage should be constant with frequency, but the 
decrease of TENG output voltage at low frequency is due to the lack of sufficient kinetic energy 
to overcome the frictional force to slide fully down the tube.  This shows that a lower open circuit 
voltage is obtained at low rotational frequency. 
 
 





A ruthenium dioxide (RuO2) supercapacitor was then fabricated and attached onto the 
bracelet. The electrochemical performance of the RuO2 microsupercapacitor was evaluated by 
cyclic voltammetry (CV) at different scan rates. As shown in Figure 46a, CV curves shows 
symmetric and rectangular curves in the 0.8 V window, indicating excellent rate performance.  
Figure 46b shows the charge-discharge curve of the supercapacitor. The curves are quite linear 
with no voltage drop in the window of 0-0.8 V, indicating good conductivity and coulombic 
efficiency of the supercapacitor. Furthermore, the areal capacitance was calculated from the 
charge-discharge curve, in which the areal capacitance is 3 mF/cm2. Due to the anhydrous and 
compact nature of the sputtered RuO2, the areal capacitance is low compared with state-of-art 
microsupercapacitors.133-136 However, the critical parameter of microsupercapacitor for real 
integration is the self-discharge rate, RuO2 was chosen in this study mainly because of its slow 
self-discharge rate, which is extremely beneficial for energy harvesting applications, as the charges 
that is harvested would not be quickly lost, due to a quick self-discharging rate in other 
microsupercapacitors.137 With the use of the RuO2 electrochemical mirosupercapacitor, a low 
discharge rate is observed, as after 35 minutes, the voltage only dropped to 1.2 V, and remains 
constant afterward, as shown in Figure 46cillustrating the good performance and low leakage 
current of the RuO2 microsupercapacitor. Figure 47a shows two EMGs connected in series, to 
obtain a higher output voltage, and two TENG connected in parallel to obtain a higher output 
current. Two RuO2 were connected in series, because the working voltage of each of the capacitors 
can only go up to 1 V, and 1 V is not enough voltage to power most electronics. Thus, connecting 
two in series could get the working voltage to 2 V, which is enough voltage to power most devices. 
The charging curve of two RuO2 microsupercapacitors connected in series is shown in Figure 47b 




be charged to 1.5 V by single actuation and remains constant at this voltage with continuous 
actuation. 
 
Figure 47. Circuit Model and Performance of Charging RuO2 Microsupercapacitor132 
Figure 48 shows the hybrid energy harvester’s performance under different daily activities. 
The activities that were tested include slow walking, fast walking, and running. During these 
motions, the wrist motion allows the magnetic rod to move back and forth inside the PETG tube.  
The reported measurements were done with 25 seconds of actuation followed by 10 seconds of 
rest. As shown in Figure 48a, during slow walking, the excitation frequency is low, and the 
supercapacitor could only be charged to 0.5 V in 2.5 seconds. Furthermore, in Figure 48b, during 
faster walking speed, the excitation frequency is higher, allowing the supercapacitor to be charged 
to 1 V in 5 seconds. Also, in Figure 48c, while running, the supercapacitor could be charged to 2.5 
V in 5 seconds. For the running case, the voltage starts to decrease after 25 seconds, due to the 
lack of actuation. With these simple daily activities, the supercapacitor could easily be charged to 






Figure 48. Energy Harvesting/Storage Performance of the Hybrid Energy Bracelet and 
RuO2 Microsupercapacitors Under Human Locomotion Voltage of supercapacitors measured 
under a) slow walking, b)fast walking c) running132 
 
Figure 49. Applications of the Hybrid Energy Harvesting Bracelet a) Photograph of the hybrid 
energy harvesting bracelet powering a calculator. b) Photograph of the hybrid energy harvesting 
bracelet powering a relative humidity and temperature sensor. c) Voltage of the two RuO2 







There are many applications that can benefit from the hybrid energy harvesting bracelet, 
mainly it could act as energy harvester to power commercial electronic device. Figure 49a,b shows 
that the hybrid energy harvesting bracelet can power electronic devices, such as a calculator and a 
relative humidity temperature sensor by a single gesture. This is important, as previously with just 
the triboelectric nanogenerator device, it took 30 minutes to charge a microsupercapacitor to 0.6 
V. Figure 49c shows the charging profile of the micro-supercapacitor powered by single shake of 
the energy harvesting bracelet and the discharge of the micro-supercapacitor powering the 
calculator. The single shake of the energy harvesting bracelet could charge the supercapacitor to 
2V, and the calculator could be operational for 60 seconds, until the voltage across the calculator 
reaches 1 V. 
In this work, a wearable hybrid energy harvester integrated with a supercapacitor is 
fabricator. Both the electromagnetic generator and triboelectric nanogenerator have been 
systematically studied and optimized. The hybrid energy harvester can charge efficiently a RuO2 
electrochemical microsupercapacitor, which showed exceptionally low leakage current, and 
excellent capacitive performance. With this integration, a self-powered humidity sensor or a 
calculator could be powered by a single shaking motion, whereas with previous devices, it could 
take a long time of continuous tapping to charge a supercapacitor.129 In the next chapter, the high 









CHAPTER 4. TENG FOR HIGH VOLTAGE APPLICATION 
TENG has emerged as a novel alternative of conventional high voltage (HV) applications 
in recent years. 56, 58, 138-142 The first use of TENG as a high voltage source is as a self-powered air 
cleaning system, in which the TENG could electrostatic precipitate flying dust particles and 
oxidizing SO2 given its high voltage nature.58, 143 Its intrinsic characteristic of HV eliminates the 
need of sophisticated power converters, and thus greatly reduces the system complexity and cost. 
Furthermore, the limited charge transfer per operation cycle of TENG offers an unprecedented 
way of accurately controlling HV-driven processes and provides extra safety to personnel and 
instruments in the meantime, as TENG has a high impedance, and thus a low current is also 
delivered through the high voltage process.  
One representative work for high voltage application is the use of TENG to generate a 
nanoelectron spray for highly sensitive nano-coulomb molecular mass spectrometry, which not 
only utilizes the HV output of TENG, but due to the high impedance of the nanogenerator, also 
transforms the limitation of charge transfer and current into an advantage of unprecedented control 
over ion generation.57 As shown in Figure 50a, a discrete amount of pulsed charges from the a high 
performance TENG were supplied to a nano electrospray ionization emitter and triggered highly 
repeatable ionization pulses with minimum sample consumption. The duration, frequency and ion 
polarity were all tunable via TENG actuation on-demand, and the HV (5-9 kV) of the TENG 
provided nanoESI with enhanced sensitivity at low concentrations, as demonstrated by the 
signature fragment ion (m/z 182.118) only observable in the TENG-driven nanoESI mass 
spectroscopy when analyzing a cocaine solution (10 pg./ml). This was due to with less current that 





Figure 50. Applications of TENG for High Voltage Power Source. a) Sensitive nanocoulomb 





Another example is use of triboelectric nanogenerator to generate microplasma, which was 
realized by Cheng et al.56 By the integration of TENG with a plasma source, and atmospheric-
pressure plasma powered only by mechanical stimuli was achieved, as shown in Figure 50b. This 
shows that the high voltage of the triboelectric nanogenerators, over 10 kV, has the ability to break 
down gas. They also show there are several different types of microplasma, and discharge driven 
by TENG were achieved successfully, which opens up possibilities for using TENG to generate 
diverse microplasma. Taking natural advantage of TENG, high voltage, low current and charge, 
the triboelectric microplasma might has enormous potential value in applications of individual cell 
culture, treatment and apoptosis, species detection, elemental analysis, and ultraviolet excimer etc.  
Recently, the high voltage produced from TENG has been used for a new mode of TENG 
called direct current-TENG (DC-TENG).144 The working mechanism and the structure of this 
energy harvester is shown in Figure 51, and it has numerous advantages over conventional modes 
shown in Section 1.4, due to it does not need a rectification system to store the generated charges 
and its performance is not limited by air breakdown; thus, it allows it to have a larger charge 
density. In the initial state, as shown in Figure 51i, the frictional electrode is in left alignment with 
PTFE film and is in contact with PTFE, and there are positive charges on the frictional electrode 
and negative charges on PTFE caused by the triboelectrification effect. When the top mover moves 
forward, as shown in Figure 51ii, a very high electrostatic field is built between the top copper and 
the negatively charged PTFE film. As long as it exceeds the dielectric strength of air, it causes the 
nearby air to partially ionize and begin conducting. This will result in electrons flowing from the 
PTFE to the copper electrode, thus reducing the potential difference. Thus, since the copper is 
connected to an outside load, it would collect the charge. Because the inner flow direction of 




output current would be in a single direction, making it direct current. When the slider moves 
backward to the initial state, no current flows in the external circuit, because there is not enough 
potential difference across the top electrode and PTFE film for dielectric breakdown to occur. The 
physics model of this DC-TENG is made up of electric charge source and a capacitor.144 
 
Figure 51. Working Mechanism and Structure of DC Mode TENG144 
In this section, since TENG use of high voltage is a relatively new field, the effect of high 
voltage on different electronic components, such as resistors and capacitors is restored. First, I 
would look into applying a high voltage on a resistive system, which would cause the fuse to break, 
which could have important applications in personal security and a fully self-powered active 
sensor. Next, similarly for the DC-TENG work, there was an integration of TENG and a capacitor. 
I would then evaluate the type of electrostatic discharge in capacitive system and show a potential 
application in creating a high instantaneous current and power density TENG.  
4.1 EMP Triboelectric Nanogenerator with Application in Sensing and Security 
The motivation of this work are firstly, even though there are many TENG-based self-
powered sensors being reported, as seen in Chapter 2, only the sensor element is self-powered in 
the designs.145 This means that most other components of a sensing systems, such as the signal 




work, a fully self-powered sensing system, without the use of external power supply is created.146 
This is done by utilizing TENGs high voltage as a trigger to break a fuse. Secondly, as more sensors 
are being developed, it is necessary to consider protecting privacy and to enable users to quickly 
change sensitive information if it is at risk of exposure. Thus, to address these issues, other 
researchers have turned to electrical fuses or antifuses powered by Joule heating or nano-
electromechanical switches.147-149 Using an electrical fuse, an instant transition between the 0 and 
1 binary states can be achieved. When current passes through the electrical fuse, it can instantly 
turn from a short circuit (binary state 0) to an open circuit (binary state 1). Therefore, electrical 
fuses have been shown as effective embedded security elements that can be rapidly utilized to 
change sensitive information.  
In this work, an electromagnetic pulse-based TENG (EMP-TENG) that could be utilized 
both as a self-powered sensing system, as well as a self-powered personal security device, was 
created.146 The EMP-TENG system consists of two main elements: a high-powered sliding 
freestanding mode TENG device and a Direct Ink Write (DIW) 3D-printed electrical fuse element, 
as shown in Figure 52.  DIW 3D printing provides a powerful manufacturing tool that could create 
geometrically complex shapes that can be mass customized, because design concepts are translated 





Figure 52: Concept of Triboelectric Electromagnetic Pulse System. A) Schematic of the Direct 
Ink Write (DIW) 3D-printed electronic fuse. Sliding the TENG triggers the trip switch to produce 
a high electric field across the fuse causing it to break. B) Schematic of the TENG used to trigger 






Figure 53: Mechanism of EMP-TENG in Breaking the 3D-printed Electronic Fuse.146 
 
In this work, an electromagnetic pulse-based TENG (EMP-TENG) that could be utilized 
both as a self-powered sensing system, as well as a self-powered personal security device, was 
created. The EMP-TENG system has two main elements: and a Direct Ink Write (DIW) 3D-printed 
electrical fuse element, as shown in Figure 52a and a high-powered large scale sliding freestanding 
mode TENG device, as shown in Figure 52b. The freestanding mode TENG has a size of 175 mm 
x 100 mm. x 80 mm. These two components constitute destructible electronics by which a user 
could break the thin line of the fuse, causing a large change in the resistance of the fuse by an 
external mechanical motion. The mechanism of this process is shown in Figure 53, in which as the 




polytetrafluoroethylene (PTFE) film, there would be a current pass through the fuse. If the 
produced AC current is high enough, the silver fuse will break, triggering a large change in 
resistance. Furthermore, by detecting the change in resistance, it could be utilized in security and 
sensing applications. Given that external mechanical motion generates enough energy to trigger 
the fuse, no external bias is required for activating the fuse, symbolizing this system is entirely 
self-powered, whereas in previous nanogenerator devices, only the sensor units are considered 
self-powered.  
 
 Figure 54: Direct Ink Write of Fuse on Paper Substrate. Left: Schematic showing the 
direct ink write 3D printing process. Inset (top): produced fuse on paper substrate. Inset, bottom: 







Figure 55: Optical Micrograph and XPS of Printed Fuse. a) Optical Micrograph of the fuse 
before being triggered by the TENG. b) XPS of the fuse before being triggered by the TENG.  c) 
Optical Micrograph of the fuse after being triggered by the TENG. d) XPS of the fuse before 
being triggered by the TENG.146   
 
 
Figure 56: 3D Printing and Curing Parameters and its Effect on Fuse Performance A) 
Demonstration of printed electronic fuse line width as a function of extrusion pressure and nozzle 
diameter (red region: shows it could not be broken easily by EMP-TENG, blue: shows it could be 
broken easily by TENG). B) Demonstration of fuse resistance as a function of curing temperature 
(red region: shows it could not be broken easily by EMP-TENG, but could be broken by DC of 1 
V, blue: shows it could be broken easily by TENG and by DC current, green: shows it could be 
broken by only EMP-TENG. C) The produced current of both the EMP-TENG and 1 V DC 
through different resistance.146 
 
 
With this device structure in mind, it is first necessary to understand how the electronic 
fuse is fabricated. Figure 54 shows the fabrication process of the 3D-printed fuse, which is done 
by DIW 3D printing. In this process, pressure is applied to the syringe to extrude the viscous silver 




internal pressure within the syringe is controlled using a pressure regulator (Ultimunus V, Nordson 
EFE, East Providence, RI, USA). Thus, one could tune the extrusion pressure of the system. A 
computer-controlled motion stage then moves along the x and y-directions in a prescribed pattern 
that is controlled by an open source software Repetier (Hot-World GmbH. & Co. KG, Willich, 
Gernany) to form the electronic fuse. The optimal 3D printing and subsequent curing parameters 
were extensively studied by Mu, et. al.151 In this work, since the fuse need to break, more research 
on the optimal 3D printing needed to be studied in this research to create a 3D-printed fuse element 
able to be triggered by the EMP-TENG.  
Figure 55 shows the microstructure of the DIW 3D printed fuse prior to being triggered by 
the EMP-TENG. As seen by the data from X-Ray Photoelectron Spectroscopy (XPS) performed 
on the thin line of the fuse shown on Figure 55b, the Ag 3d duplex peak can be seen, which 
illustrates the large presence of silver in the device. Furthermore, the F 1s, O 1s and C 1s peaks 
can be seen due to the signal from the fluorinated paper below the 3D-printed fuse. However, after 
breakage by the triboelectric nanogenerator, the microstructure changed to that shown in Figure 
55c, which shows dark spots that are caused by the breakage of the EMP-TENG. As shown in 
Figure 55d, performing XPS on the dark spots did now show the Ag 3d peak and only showed the 
F 1s, O 1s, and C 1s peak. Since there is no Ag 3d peak, this demonstrated that the silver is not 
oxidized, as silver would have remained on the sample, but instead the main cause for breakage is 
due to Joule heating. As the current passes through the fuse, a large amount of heat is generated 
causing the paper substrate to combust and thus removing the conductive silver.  
Since Joule heating is the main principle, it is important to understand the various factors 
that affect Joule heating. The most important parameter for Joule heating is the resistance of the 




For the silver 3D printed fuse, the resistance of the fuse must be above 30 Ω to be triggered by this 
EMP-TENG. When the resistance of the fuse is less than 30 Ω, the fuse will be difficult to break 
and require multiple cycles before it triggers as there is not enough power from the EMP-TENG 
to cause the paper substrate to combust. The silver trace line width is another key parameter for 
Joule heating as it has a direct effect on the resistance of the fuse. If the line is thicker, the resistance 
of the fuse will decrease, and the emissivity of the fuse will change. Thus, to ensure the silver-
based fuse can be easily broken by the EMP-TENG, it is necessary to print the silver trace as thin 
as possible by precisely controlling the 3D printing parameters.  To determine the 3D printing 
parameters needed to create an optimal silver-based fuse, a parametric study was performed where 
the two primary parameters, extrusion pressure and nozzle diameter, were adjusted. For this study, 
nozzles of three different diameters were used (27 Gauge (360 μm.), 30  Gauge (250 μm.), 32 
Gauge (200 μm.)), while the extrusion pressure was adjusted from 10 to 95 psi for the 27 Gauge 
nozzle, 20 to 95 psi for the 30 Gauge nozzle, and 55 to 95 psi for the 32 Gauge nozzle; each was 
done with an increment of 5 psi. The reason for the increase of minimum pressure for smaller 
diameter nozzles was that at too low of pressures, the silver ink would not extrude through the 
nozzle. The resulting fuse width as a function of nozzle diameter and extrusion pressure can be 
seen in Figure 56a. Furthermore, an evaluation of the fuse’s ability to be tripped by the EMP-
TENG causing breakage was performed. It was concluded that neither line printed using the 27 
Gauge nozzle could be broken with a single slide of the EMP-TENG. Also, fuses printed using the 
30 Gauge nozzle, only the low extrusion pressure (below 30 psi) were able to be broken by the 
EMP-TENG, and for the 32 gauge, only fuses printed using pressures below 80 psi were able to 
be broken with the EMP-TENG.  Thus, in Figure 56a, different regions were drawn with a cutoff 




be broken by EMP-TENG with a single slide, whereas the red region (above 160 microns) 
represents the fuse prove difficult to be broken using the EMP-TENG.  
Furthermore, since the resistance must be 30 Ω and greater to be tripped by the EMP-
TENG causing breakage, control over the resistance of the fuse is necessary. Here, standardized 
tests were performed on the fuse to ensure the fuse has a resistance above 30 Ω. This was done by 
printing fuses using a 32 Gauge nozzle at 60psi and placing them in the furnace at different 
temperatures for 10 minutes. As shown in Figure 56b, the resistance decreased with higher curing 
temperatures, and thus, if the fuse is over-cured, it could not be triggered by the EMP-TENG 
device, due to the low resistance demonstrated by the fuse, and thus, not enough power would be 
supplied from the EMP-TENG to burn the paper substrate. Therefore, in Figure 56b, three different 
regions are defined. First, the red region represents printed silver traces with resistance below 30 
Ω, and in this region, the fuse could not be broken by the EMP-TENG but could be broken by DC 
power supply of 1V. Second, the teal region represents printed silver traces with resistance greater 
than 30 Ω and below 1.2 MΩ and is defined by the fuse could be broken by both the EMP-TENG 
and a DC power supply voltage of 1 V. Third, the light green region represents a resistance greater 
than 1.2 MΩ. In this region, the DC-power supply of 1 V was not able to break the fuse, whereas 
the EMP-TENG could easily break the fuse. This demonstrates the unique advantage of EMP-
TENG over DC power supply, as it is able to break fuses with high resistances, such as in uncured 
silver ink, due to a higher peak current generated by the EMP-TENG than DC power supply at 
high resistance, as seen in Figure 56c. The peak current of a freestanding mode TENG would 
remain constant, until GWs of resistance is achieved, and then the peak current would decrease 








Figure 57. Electric Characteristics of TENG and EMP-TENG System. A) Open-circuit voltage 
of TENG. B) Open-circuit voltage of TENG when connected to fuse. C) Measured Resistance of 
Fuse.146 
The electronic characteristics of the EMP-TENG is shown in Figure 57. This was tested by 
moving the top mover of TENG with a linear motor. In this figure the voltage was measured by a 
high voltage probe with a resistance set to 100 MW, and it could be shown to reach over 1000 V, 
demonstrating the high performance and the voltage produced of the device, as seen in Figure 57a. 
Further experiments were than performed when the EMP-TENG is connected to the fuse. Figure 
57c shows the measurement of the fuse resistance, in which at the initial state, the resistance is 
measured to be 90 Ohm and after the fuse is triggered by the TENG, the resistance instantly 
increases to 1.5 GW. Furthermore, voltage was measured across the fuse, as shown in Figure 57b. 
At the initial state, the output voltage is low, as shown in the inset of Figure 57b, since it operates 
in a short circuit condition. After the fuse trigger, the output voltage reaches the maximum value 
of the meter (-250 V to 250 V).  
After showing that the fuse could change its resistance by multiple orders of magnitude by 
simply sliding the EMP-TENG, different applications of the EMP-TENG triggering fuse were 
demonstrated. The first application is a fully self-powered package drop detection sensor, as shown 




would be opened, causing a large change in resistance. Previously, for TENG devices, only the 
sensor part is self-powered, as the system still requires energy for analysis of the detected signal. 
Here, the EMP-TENG triggering the fuse is entirely a self-powered system and does not need 
additional energy for the sensed signal analysis. At the initial state, the package is placed on top 
of the top electrode, and it is held in place by electrostatic force, as shown in Figure 58b. As shown 
in Figure 58c, as the package falls, the resistance instantly changed from 46.8Ω to 0 L, where 0 L 
means the resistance is too high to be measured by the multimeter. This is due to the current passing 
through the fuse is high enough to break the fuse, causing the large change in resistance. 
Furthermore, for full realization of the self-powered system, the fuse could be placed under the 
microscope to see the change in the microstructure, as depicted in Figure 55a and 55c. With this, 
the first self-powered system based on EMP-TENG is developed, showing its potential in package 
drop detection sensor, and this area of utilizing the fuse could be extended into other self-powered 
sensing systems. 
 
Figure 58: Applications of EMP-TENG for Self-Powered Package Detection A) Schematic 
showing application of EMP-TENG as a self-powered package detection system. B) Images 
showing the package and multimeter measuring resistance before it is dropped. Top inset: Zoomed 
in image showing the resistance value from multimeter C) Optical images showing the package 





The second application for EMP-TENG triggered fuse shows its potential usage for 
security purpose. Figure 60a shows the circuit diagram of the half adder circuit with the EMP-
TENG and the fuse placed in parallel to the inverter. At the initial state, the circuit operates as a 
half adder circuit, with the information of input and output shown in Figure 59a-b, since the 
inverter would be shorted. When sliding the EMP-TENG intentionally, the fuse can be broken, 
even when actuated with a low frequency slide, and the inverter would be no longer shorted. This 
would cause the half adder circuit to be changed to a half subtractor circuit, which would have 
different output. The information of the input and output of the half subtractor circuit is shown in 
Figure 59c-d. With the input of A 1 and B 1, the initial output from the half adder circuit would be 
G 0 and R 1, which is shown by the green LED light off and red LED light on, as shown in Figure 
9e. Also, from Figure 60b, on the DC power source, it displays a positive flow of current, which 
is required to light up the red light. As the top frictional layer of the TENG slides from left to right, 
the fuse is no longer shorting the inverter, and the circuit change from the half-adder to a half 
subtractor circuit. The output were then G 0 and R 0, which is symbolized by the green LED light 
off and red LED light off, as shown in Figure 60c. Half-adder and Half-subtractor logic circuits 
are the most basic system in computing, and a simple slide of the TENG can cause a transition 
between the two. If a TENG can easily change these two elements, it could be further implemented 
to change logic circuit elements in a more complex system, like data stored in a computer. This 
demonstrates a potential application in security, as a simple switch could change the states of logic 
circuit elements, which could be used as a quick way to change sensitive data stored on computer. 
In summary of this work, a Direct Ink Write 3D-printed silver fuse was integrated with 
TENG technology to create a self-powered security device and fully self-powered sensor. The 




higher resistance could be broken, or triggered, by the EMP-TENG and by DC current. Utilizing 
the high voltage during operation of the freestanding mode TENG, a low frequency mechanical 
motion can instantly and quickly break the 3D-printed fuse. The fuse’s resistance was able to 
change quickly from 50 Ω to 1 GΩ just by a simple sliding motion on the TENG. Different 
applications were then demonstrated, and the integration between the TENG technology and the 
fuse could be utilized for a fully self-powered drop detection system, which could operate without 
external power. The physical change in the fuse could be viewed visually after being triggered, as 
the microstructure of the fuse would be changed. Lastly, the integration of the fuse and TENG was 
utilized to create a logic circuit element for a self-powered security application. After a single 
sliding motion using the TENG, a half adder circuit was able to change to a half subtractor circuit 
instantly, providing a basis for irreversibly changing sensitive data. 
 
 
Figure 59: Schematic Showing the Half-Adder and Half-Subtractor Circuit: A) Circuit 
Diagram of a Half-Adder Circuit. B) Truth table of Half-Adder Circuit with Input A,B and output 
G,R. C) Circuit Diagram of a Half-Subtractor Circuit. B) Truth table of Half-Subtractor Circuit 






Figure 60: Applications of EMP-TENG for Personal Security. A) Circuit model for EMP-
TENG coupled with logic circuitry to be used as security element. Top inset: Zoomed in image 
showing the resistance value from multimeter. B) Optical images showing the red light on and 
green light off before sliding of TENG. Top left inset: zoomed in image of the logic circuit element. 
Top middle: Output of half-adder circuit with input A 1 and B 1, Bottom right: zoomed in 
schematic of LED lights C) Optical images showing red light off and green light on after sliding 
of TENG demonstrating the EMP-TENG as a logic security element. Top middle: Output of half-
subtractor circuit with input A 1 and B 1. Bottom right: zoomed in schematic of LED lights.146 
4.2 TENG induced Breakdown in Capacitors for High Instantaneous Current and Power 
Density 
Research have been focused on increasing the instantaneous power output of the TENG, 
as it was thought that the higher the instantaneous power output of the nanogenerator, the better 
the performance of the nanogenerator. For a TENG, the output voltage is high, but the output 
current is low; thus, it is easier to increase the current of the TENG. Since a nanogenerator is 
assumed to deliver a constant charge per cycle, an approach to increase the short circuit current 
density is to decrease a period per cycle, T, or increase the frequency of operation, f. This is because 
TENG’s short circuit current 𝐼k'lmis equivalent to the variation rate of short-circuit charge, Qsc, 
of nanogenerator with respect of time, as shown in Equation 16. 
                                                                     𝐼k'lm =
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From Equation 17, the average short-circuit current is proportional to the frequency of operation. 
Thus, much research has been focused on utilizing rotational device to obtain a higher frequency 
of output; thus, a higher short-circuit current.152-156 
Figure 61. Schematic, Working Mechanism, and Performance of ID-TENG. a) Schematic of 
ID-TENG. b) Working Mechanism of ID-TENG. c) Output short circuit current characteristics of 
CD-TENG. d) Output current characteristics of ID-TENG with a load of 1 MOhms.157 
However, this is not the only method for largely increasing the output current. Cheng et al 
proposed a design,157 as shown in Figure 61a, based on an off-on-off contact based switching 
during mechanical triggering that largely reduces the duration of the charging/discharge process, 




discharging TENG, as the charges are discharged instantaneously when the switch is closed. 
Through Equation 17, due to the large decrease in the period, the duration of charge/discharge 
process, the instantaneous output current pulse is hugely improved without sacrificing output 
voltage. Thus, they had claimed their instantaneous discharging TENG (ID-TENG) could 
gigantically enhance the instantaneous output power compared to continuous discharging TENG 
(CD-TENG). Furthermore, utilizing this approach, various papers have been constructed with 
different modes of nanogenerator, but still utilize the contact-based switching during mechanical 
triggering.157-164 Also, the theoretical calculations show that utilizing the switch is the key to 
solving TENG’s impedance matching problem and achieving the maximum output energy from 
the TENG.162 
 Even though this design did hugely improve the current density, as the current density of 
the ID-TENG could reach 480 μA peak to peak compared to 11 μA peak to peak in the CD-TENG 
as shown in Figure 61c and Figure 61d. The design has some drawbacks, such as the current device 
have a complex structure, which makes it impractical to use, and also, the added switch 
significantly increases the area of the device, which would decrease the output instantaneous 
power density. These devices are not durable, as the mechanical contact between metallic contacts 
could easily cause breakage in the device, which would limit its operation in long term usage. To 
address this issue, I wanted to utilize the high voltage of the TENG to create an electrical switch 
that would limit the duration of the charge/discharge process, which in turn, would cause a higher 
output instantaneous current density. Previous work of utilizing TENG as a switch, called 
tribotronics, with a name based on conjunction with a transistor and TENG, had utilized 
electrostatic potential created by triboelectrification as a ‘gate’ voltage to tune/control energy 




there needs to be a conversion of the random and irregular pulse output voltage in hundreds of 
kilovolts into steady and continuous DC voltage of 2-5 V to power the gate of the semiconductor 
to act as an electrical switch. In this work, I wanted to demonstrate the pulse output voltage of 
nanogenerator could create a novel design of an electrical switch, without the use of conversion 
circuits, which would draw outside electrical power to convert the random and irregular pulse 
output voltage to steady and continuous DC Voltage to power gate of semiconductors. 
 







Figure 63. Schematic of Tunneling Effect and Output Performance of Current and Charge. 
a)Schematic demonstrating the tunneling effect of the Dielectric Layer-TENG, which include 
charging and discharging through tunneling layer. b) Current vs time of the effect of dielectric 
layer, illustrating the charging and discharging effect. c) Charge vs time of the dielectric layer, 
illustrating the charging and discharging effect. 
After much thought, I concluded that a it is possible to create a switch by utilizing a high 
voltage discharge that is generated by the TENG. The idea is that by having a freestanding mode 
TENG with the electrodes of the nanogenerator shown in Figure 62a connected to a copper-
dielectric layer-copper layer beneath the nanogenerator that is separated by an acrylic sheet. Thus, 




difference is produced on the nanogenerator and directed to the Cu-dielectric layer-Cu load, as 
positive charges would be stored on one side of the copper layer and negative charges would be 
stored on the other copper layer, as shown in Figure 63a<i>. The potential difference on the Cu-
dielectric layer-Cu would increase, as more opposite charges get stored on the copper layer. As 
more charges gets stored on the copper surface, the potential difference would eventually be 
greater than the threshold potential difference for discharge to occur, as shown in 63a <i> and 
charges are able to transfer from one electrode to another producing a current, as shown in Figure 
63b. Recently, it was found that this discharge in air is found to be caused by partial discharge, or 
corona discharge with no dielectric. Thus, in this case, the main mechanism could be assumed to 
be dielectric barrier discharge, which is also partial discharge with a dielectric. The discharge 
lifetime is really short; thus, a high current is produced. After the discharge occurs, the potential 
difference would be less than the threshold potential for discharge to occur, and since the nylon 
mover is still moving across the electrode, more charges are being stored, and once the potential 
difference would be greater than the threshold potential, breakdown would occur, and the process 
is repeated. Figure 63b and Figure 63c verifies the effect, as it displays the output short-circuit 
current and charge when utilizing a freestanding mode TENG with a Cu-Polyethylene 
Terephthalate (PET) (0.002-inch thickness)-Cu layer, and one could see the time of charge transfer 







To explain the role of the dielectric layer, a circuit model is constructed for the dielectric 
layer in Figure 64. The dielectric layer is modeled as a switch and a capacitor, and the TENG is 
modeled as a sinusoidal charge source with a capacitor in parallel. The reason that a sinusoidal 
charge source is used is due to the mechanical motion induced by the linear motor is programmed 
to be sinusoidal. This technique is usually used when investigating theoretical models of TENG. 
When the TENG is charging, the capacitor modeled for the dielectric layer is connected to the 
TENG, meaning that switch is closed at A. Thus, the voltage across the capacitor could be 
calculated by Equation 18 below. 
                                                              𝑉> =
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                                                            (18) 
Thus, the calculated charge on the dielectric layer of the capacitor is shown in Equation 19 
                                                           𝑄> =
6;	(w;%)5,a2
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                                                           (19) 
Once the voltage across the dielectric layer is greater than the threshold voltage for breakdown, 
switch would move from A to B, and the circuit is identical to a RC circuit, consisting of Rd, 
discharge resistance, and Cd, dielectric capacitance. It is important to note for that without any 
partial discharge, Rd would be very large, approaches infinity ; however, when there’s partial 
discharge, Rd decreased and approaches 0.170, 171 Thus, the discharge current as a function of time 
would be shown in Equation 20. Since Rd approaches 0 during discharge, discharge current would 
be high. 










Figure 64. Equivalent Circuit Model of Dielectric Layer TENG
Figure 65: Output Current Without and With Dielectric Layer. a) output current without 
dielectric. b) output current with dielectric. 
With these equations in mind, the current of the TENG when connected to a dielectric layer 
of PET (0.002 in (0.0508) mm., 4x4 cm2 (1600 mm2) (area)), k (dielectric constant=3.0)calc, as 
seen in Figure 65b, was compared to the current of the TENG without connect to a dielectric layer, 
which is shown in Figure 65a. With the dielectric layer, the current has increased from 3 μA peak 
to peak to 40 μA peak to peak, showing a 1333% increase in the instantaneous current. This shows 




improvement in instantaneous current, instantaneous power could also be improved as well. 
However, a goal for this research is to see if the instantaneous current could be increased to an 
even higher value. One way to increase the current is to increase the charge on the capacitor, as 
current is the derivative of charge, and the time for discharge would not change; thus, by increasing 
charge, a higher output current could be achieved. From Equation 19, as capacitance increase, the 
charge on the capacitor would also increase; thus, by increasing capacitance, the charge could be 
increased; thus, increasing the current. However, if the capacitance is increased too high, Vcap 
would decrease, which there would not be discharge. Thus, experiments were performed, in which 
by varying the capacitance and measuring the current, and at low capacitance, 40 pF, the output 
peak to peak current is 40 μA, as seen in Figure 66b. Furthermore, with 160 pF, the output peak to 
peak current is 120 μA, which correspond to a 4000% increase in instantaneous current. However, 
at above 200 pF, there is no discharge, and the current observed is low. Furthermore, from Figure 
66a, the charge transferred did increase with increase of capacitance, which further verifies this 
effect. Furthermore, the capacitance of the PET layer comes out to around 80 pF, by using parallel 
plate capacitor equation, shown in Equation 21, which from Figure 66b, should produce an output 
of 40  μA peak to peak, which is exactly verified with Figure 65b. 
                                                                      𝐶 = :;:2y
+
                                                                 (21) 





Figure 66: Effect of Capacitance of Dielectric Layer on Output Performance. a) Effect of 
capacitance on charge transferred. b) Effect of capacitance on short-circuit current.  
In this work, I have demonstrated a simple process to achieve a high current by lowering 
the discharge time of the nanogenerator. Unlike previous work, which utilizes the mechanical 
motion as a mechanical switch to reduce the lifetime, this work incorporates a new switching 
methods and investigates the use of high voltage through a dielectric layer as a simple electrical 
switch.157 The advantages of the new design are less area added to the device, which would cause 
an increase in the overall instantaneous power density, and higher durability due to lack of metal-
metal contacts in the electrical switch. If there is sufficient high voltage across the dielectric layer, 
there would be partial dielectric breakdown of the dielectric layer, which would allow high current 
to pass through in short period of time. Furthermore, the dielectric layer was modeled as a 
capacitor, and different capacitance were tested, and it was found that the discharge could only 
occur at low capacitance, where voltage across the capacitor would be higher. Also, there is an 
optimum capacitance that could be used to achieve a very high instantaneous current, and with 
further increase of capacitance, no electrostatic discharge was seen. With the very high 




























CHAPTER 5. CONCLUSION 
This dissertation documents my major research achievements in the field of triboelectric 
nanogerator as a Ph.D. student at Georgia Institute of Technology for the past five years. 
Triboelectric nanogenerator is a promising technology that has potential in vast applications 
ranging from energy harvesting, high-voltage power sources to active sensing. In this chapter, I 
would briefly summarize my research achievements and technological innovations. Furthermore, 
some proposed future works in advancing triboelectric nanogenerators are also posed. 
5.1 TENG as Self-powered Active Sensor 
 As a sustainable power source, TENG can convert mechanical input into an electrical 
output. The electric output signals generated could then be used to tell information of a typical 
mechanical motion, making the TENG a self-powered active sensor. Part of my dissertation 
research involve on developing TENG into self-powered active strain sensors with higher 
sensitivity and selectivity, transforming commonplace materials, such as paper, into a self-
powered sensing platform, and fabricating new self-powered fluid sensors to detect wind speed 
and water wave height. 
 
5.2 TENG as Energy Harvester 
 Applications of TENG for energy harvesting have been explored. First, to obtain a higher 
output power, a new theory on electrostatic screening effect was performed, and this is the first 
work that showed the TENG’s performance is dependent on the substrate material and objects 
around the TENG. This is particularly useful for harvesting ocean wave energy, as the dielectric 
constant of nearby water to the TENG device could cause the TENG’s performance to be very 




wave energy efficiently. Furthermore, another key aspect to a low performance of TENG is that 
it could only deliver maximum power at very high impedance. Thus, a multi-layer TENG was 
developed, and it is able to effectively reduce the impedance of the triboelectric nanogenerator, 
and also producing a much higher power density. Also, from investigating the effect of substrate 
material on performance of TENG, it was found that aerogel had the highest performance due to 
its low dielectric constant. Finally, a key issue for TENG is a lack of energy storage element. 
Thus, my co-workers and I address this issue by integrating a wearable TENG/EMG system with 
a microsupercapacitor. 
 
5.3 TENG as High Voltage Power Source 
Research in TENG as a high voltage power source have been increasing lately, but it is still 
a relatively new field and the in-depth mechanism of high voltage power source still needs to be 
examined. Thus, in my work, the effect of high voltage on different electronic components, such 
as resistors and capacitors, are examined. For investigation of high voltage source on resistive 
systems, a TENG was able to short a fuse, causing an electromagnetic pulse. With this device, 
application in fully self-powered system and personal security was performed. For high voltage on 
capacitive system, I explored the characteristic of electrical discharge across the capacitor, and this 
could be utilized in creating a very high instantaneous current and power output. This work has 
also led to the theoretical analysis of DC-TENG, which is a new mode of TENG  that it does not 








5.4 Future Directions for Research 
 The discovery of triboelectric nanogenerator has helped created various fields, such as self-
powered active sensors, energy harvesting, and high voltage applications. TENGs have 
experienced a very rapid development both in fundamental understanding and technological 
improvements. In order to move towards commercialization of TENG, future works still need to 
be done in making this technology applicable as commercial products. In this section, I would first 
focus on future works that could be done on TENG in general.  
 Firstly, one major issue of TENG is its device durability. A requirement of high surface 
friction between two contact materials is needed for a decent output from TENG. Thus, there 
remains a challenge that material abrasion and constantly generated heat will make the device 
nondurable under continuous operation or even in cases when the mover moves very quickly. It 
has been observed that the polymers used currently in TENG could eventually lose its rigidity after 
continuous working. Thus, more durable materials, self-healing materials, or different structural 
design are necessary for achieving a high output performance without compromising device 
robustness. 
 Secondly, the fundamental physics of triboelectrification still remains unclear, and there 
needs to be more investigation to its underlying physics. Furthermore, since it is just found that 
solid-solid contact electrification is due to electron transfer. A question that still remains to be 
answered is that ‘How could we maximize the amount of surface charges transferred between 
surfaces?’ To address this question, a new material or surface treatment techniques to increase the 




 Especially for self-powered sensing case, the output performance is highly subjected to 
environmental factors, such as humidity and temperature. Thus, packaging is highly desirable for 
TENG for applications in self-powered active sensor. 
 For ocean wave harvesting, currently these TENG that is created are currently very small 
compared to the vast area of the ocean. Thus, there needs to be methods to mass produce large area 
TENG so that it could harvest large areas in the ocean. 
 Lastly but not least, for high voltage on different components. In this thesis, currently only 
capacitors and resistive based structures are studied. Further work involves studying the effect of 
high voltage on inductive based components for creating a magnetic field, also on memristor based 
devices, for creating a TENG activated switch. 
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